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ABSTRACT 
Geothermal energy technology has successfully provided a means of generating stable base load 
electricity for many years. However, implementation has been spatially limited to rare high-
quality traditional resources. Enhanced Geothermal Systems (EGS) technology has been 
proposed as a potential solution to enable additional energy production from the much more 
common non-traditional resources. To advance this technology development, a heated true-
triaxial load cell has been developed to simulate an EGS system from stimulation to production. 
This apparatus is capable of loading a 30x30x30 cm rock sample with independent principal 
stresses up to 13 MPa while also providing heating up to 180 ºC. Multiple oriented boreholes of 
5 to 10 mm diameter may be drilled into the sample while at reservoir conditions. Dual 70 MPa 
syringe pumps set to flow rates between 10 nL/min and 60 mL/min injecting into a partially 
cased borehole allow for fully contained fracturing treatments. A six sensor acoustic emission 
(AE) array is used for geometric fracture location estimation during intercept borehole drilling 
operations. Hydraulic sensors and a thermocouple array allow for additional monitoring and data 
collection as relevant to computer model validation as well as field test comparisons. The results 
from preliminary tests inside and outside of the cell demonstrate the functionality of the 
equipment while also providing some novel data on the propagation and flow characteristics of 
hydraulic fractures themselves. Test sample materials used include generic cement grout, custom 
high performance concrete, granite, and acrylic with particular focus given to granite. Fracturing 
fluids used include water, brine, and 80W90 oil. Flow testing results have indicated that some 
fracture conductivity losses experienced with time are reversible and that the relationship 
between injection pressure and flow rate is a similar function of pressure regardless of fracture 
network size and complexity. Additionally, a new experimental low-volume high-pressure pulse 
stimulation method has been proven effective for providing substantial increases in hydraulic 
fracture conductivity, with some instances of improvement by orders of magnitude. 
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To understand the purpose of this research project, it is important to clarify the background for 
the project, describe the experience and knowledge gained through literature review, and 
consider the motivations of the studies that were performed. This chapter provides a detailed 
overview for each of these important topics where a particular emphasis is given towards 
supporting the idea of performing laboratory testing of EGS technologies in order to advance the 
ability to apply such technology to full scale field operations. 
1.1 Background 
Geothermal energy technology has successfully provided a means of generating stable base load 
electricity generation for many years. However, the implementation of this technology has been 
limited to traditional geothermal resources where there is a rare combination of geological 
characteristics including a shallow high heat flow anomaly, a naturally recharged hydrothermal 
reservoir, and hot reservoir rock with high permeability. The Enhanced Geothermal Systems 
(EGS) concept has been proposed as a potential solution by which geothermal technologies 
could be expanded to target new non-traditional resources. With this concept, a reservoir may be 
engineered into a producing geothermal system using stimulation technologies that enhance the 
natural rock permeability and injection technologies that provide engineered fluid flow for 
improved heat mining capability. The potential of this technology and its feasibility has been 
well documented in a thorough study performed by the Massachusetts Institute of Technology 
(Tester et al., 2006). 
Currently, the state of EGS technology is insufficient for commercial production and only a 
small number of test sites have been developed (Tester et al., 2006). Due to the limited 
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availability of EGS project data, the existing experience calibrated models (Warpinski et al., 
1994), often used by the oil and gas industry for hydraulic fracture stimulation design and 
analysis, are considered to be unreliable for EGS reservoir design. This unreliability stems from 
the importance of having accurate geological field data for model input and previous hydraulic 
fracture treatment data for model calibration through history matching. Thus, one of the most 
important technological advances needed to effectively utilize hydraulic fracturing for EGS 
technology is an improved prediction model for subsurface stimulation and subsequent 
production. Additionally, new specialized hydraulic fracture stimulation techniques are needed 
as the existing techniques have been developed with the goal of fluid resource extraction rather 
than injector-producer fluid circulation for effective heat mining as used in EGS applications. 
In response to this challenge, a recent effort has been undertaken by a research group at the 
Colorado School of Mines (CSM) to fill this knowledge gap. As proposed (Gutierrez and 
Nakagawa, 2010), the greater goals for this group were to develop an experimentally validated 
truly three-dimensional prediction model for EGS stimulation and production. This model is 
expected to provide a theoretical based tool that may be used in hydraulic fracture design where 
effective heat mining is the ultimate objective. Briefly, this model includes a fully coupled 
Navier-Stokes finite element fluid flow analysis, boundary element transient state heat flow 
analysis, and static discrete-discontinuity stress and fracture propagation analysis. In this 
document, focus will be given to the laboratory validation portion of this greater project where 
significant developments have been made and valuable supporting data has been obtained. 
Ultimately, it is expected that the laboratory data will be used to calibrate the proposed model for 
field application allowing for improved hydraulic fracture stimulation and reservoir production 
prediction capabilities. 
To obtain laboratory data for a simulated EGS reservoir, stimulation and production testing was 
performed inside of a custom heated true-triaxial apparatus. The true-triaxial cell was designed to 
provide independently controlled principal stresses to 30x30x30 cm cubical samples, apply 
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constant boundary temperature heating control, provide multi-sensor monitoring of all stages of 
simulation, and allow for multiple oriented boreholes to be drilled while the sample was stressed 
and heated. The details of the cell design are provided in Chapter 3 while the theory used in its 
development is provided within this chapter. 
1.2 Literature Review 
Through past experimental testing in the laboratory, real world experience from the field, and the 
adoption of theory from linear elastic mechanics and geomechanics, the basic hydraulic 
fracturing process has become fairly well understood. This established theory has been essential 
in the development of the experimental protocol for this project and the supporting equipment. 
Additionally, design theory and historical data from multiple other disciplines was also very 
important for the successful completion of the laboratory work. The following section will focus 
on the general hydraulic fracturing theory and the history of true-triaxial cell development to 
provide a background for the recently completed laboratory work. 
Hydraulic Fracture Theory 
In a typical hydraulic fracturing treatment, fluid is injected into a target reservoir rock at high 
pressure to stimulate the formation by opening and extending existing fractures or even creating 
new fractures. The first intentional use of this procedure was performed in 1949 to stimulate oil 
and gas wells in the Hugoton gas field, Kansas (Clark, 1949). At the time, the fractures were 
believed to extend only horizontally but evidence was later found that the fractures would also 
open vertically and at other odd angles (Hubbert and Willis, 1957). By the current theory, it is 
expected that fractures tend to open perpendicular to the minimum principal confining stress as 
this orientation has the least resistance. The actual geometry of the fracture will also be greatly 
influenced by heterogeneities in the target formation, local borehole effects, temperature contrast 
between the injection fluid and the rock, fluid rheology, proppant characteristics, and many other 
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effects. Some of the typical heterogeneities include discontinuities, grain structure, layering and 
foliation, and local stress variations. The local borehole effects may include borehole damage 
from drilling and breakout, stress concentrations, and poroelastic effects from damage by filter 
cake coatings and changes in pore pressure. Temperature contrast effects include contraction, 
expansion, and even thermal cracking or spallation. In an attempt to predict fracture growth 
behavior and geometry, theory has been developed and is continually being improved by 
removing simplifications and considering more of the complex and unavoidable interactions that 
are known to occur. 
The existing hydraulic fracturing theory may be divided up into several common stages for a 
typical treatment or according to the specific test procedure which they were developed for. As 
shown on a typical treatment pressure plot, as seen in Figure 1.1 which was obtained from our 
laboratory testing, there are three distinct stages during a constant flow rate injection stimulation 
treatment being initial pressurization, fracture extension, and falloff. The breakdown event marks 
the boundary between the first two stages and is typically identified as the first peak of the 
pressure plot or the first significant decrease in pressure-time slope after pumping is initiated. At 
breakdown, a new hydraulic fracture has been created or an existing fracture has opened 
allowing for fluid to quickly exit the borehole as it enters the newly created hydraulic volume. 
With continued pumping, the hydraulic fracture extends as long as the pressure inside of the 
fracture meets or exceeds the critical value required for continued growth (Morita and Fuh, 
2011). Oftentimes, proppant is introduced during this stage as a mechanism to prevent full 
closure of the fracture once the pumping is stopped. Immediately after the pumping is stopped, a 
rapid pressure drop is expected as the kinetic friction losses in the hydraulic system suddenly 
decrease. The magnitude of the pressure after the drop is often referred to as the instantaneous-
shut-in-pressure (ISIP). After this time, continued monitoring provides falloff data which may be 
used to provide additional information about the reservoir through the use of several available 
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analysis methods (Barree et al., 2009). These key stages, initial breakdown, fracture extension, 
and falloff, are frequently referenced throughout hydraulic fracturing theory. 
 
Figure 1.1: Typical hydraulic fracture breakdown plot. 
Fracture breakdown pressure theory 
In general, the basic theory for hydraulic fracture breakdown pressure is founded upon the 
Kirsch solution for elastic stress concentrations around a hole in a tensile loaded plate, linear 
elastic fracture mechanics, and Terzaghi’s effective stress principle for porous materials. These 
combined effects are most easily summarized with the assumption of a vertical axis borehole, a 
known in-situ horizontal stress condition, and using a simple tensile failure criterion. Under these 
conditions, Equation 1.1 and 1.2 may be used to predict the fracture breakdown pressure and 
closure stress: 
 ThHb uP σσσ ++−= 3  (1.1) 
 hcP σ=  (1.2) 
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where, bP  is the breakdown pressure, Hσ  is the maximum horizontal principal stress, hσ  is the 
minimum horizontal principal stress, u  is the pore pressure, Tσ  is the matrix material tensile 
strength, and cP  is the closure pressure. This approach is often used as part of a standard method 
to estimate in-situ stresses, as specified by ASTM D4645 (2008), where the pressures are 
measured and the stresses are subsequently calculated. Thus, these equations show the 
importance of knowing the rock tensile strength and stress conditions for the successful 
execution of hydraulic fracture stimulation treatments at the laboratory scale. 
A more general stress solution for pressurized oriented boreholes is provided in Equations 1.3 to 
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 Tu σσ +≅3  (1.11) 
where, xσ , yσ , and zσ  are the far field principal stresses, xxσ , yyσ , zzσ , yxσ , xzσ , and xyσ are 
the local borehole coordinate normal stresses and shear stresses, RRσ , θθσ , and ZZσ  are the local 
cylindrical coordinate stresses normal, tangent, and axial with the borehole wall respectively, α , 
β , r , θ , and z  are defined as shown in Figure 1.2, υ  is Poisson’s ratio for the material, and 1σ , 
2σ , and 3σ  are the major, intermediate, and minor principal stresses at the borehole wall 
respectively. These equations reveal the importance of knowing the elastic properties of the 
sample material for proper simulation in the laboratory. 
Using these equations, the minimum breakdown pressure may be iteratively estimated by 
varying the local angle θ  and solving for the respective wellbore pressure at which the condition 
in Equation 1.11 is satisfied. In the event that the estimated minimum breakdown pressure is less 
than zero, then the given borehole is expected to have mechanically failed during drilling and 
this approach would no longer be valid for estimating the required breakdown pressures. The 
initial fracturing direction is expected to be parallel with the local angle θ  that corresponds with 
minimum theoretical breakdown pressure and either parallel or perpendicular with the borehole 
axis depending upon which local borehole stress was found to be the minimum principal stress. 
In other words, the fracture is expected to be initially oriented parallel with the borehole axis if 
the local borehole tangent stress θθσ  is less than the local axial stress ZZσ  and the fracture is 
expected to be initially oriented perpendicular to the borehole axis if the opposite is true. It is 
important to note that this solution is only valid for the near wellbore region and that further 
away from the borehole the fracture is expected to reorient to be perpendicular with the 
minimum principal far field stress. Some sources have observed that this reorientation can be 
either a smooth transition or a rough stepwise progression depending upon the heterogeneity of 
the material, degree of reorientation, and several other factors (Behrmann and Elbel, 1991, and 
Weijers et al., 1994). 
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Both of these solutions assume a smooth borehole wall, elastic rock behavior, and the absence of 
any local discontinuities or heterogeneities. In reality, the borehole wall will be rough and 
damaged from drilling, the rock with exhibit elastic and plastic behaviors with likely brittle 
dominated failure, and local discontinuities will always be present at some scale due to the 
heterogeneity of geo-materials. Thus, the results from this solution are considered to be a good 
predictor, but are not expected to be very accurate. 
 
Figure 1.2: Local borehole coordinate diagram for oriented borehole breakdown theory. 
After the fracture has been initiated, these theories may still be applicable for subsequent 
reopening events. For this application, the tensile strength of the material is assumed to be zero 
as the material has already been ruptured and the fracture pathway already exists. However, a 
significant change in local pore pressures or formation stresses could influence the reopening 
orientation and breakdown pressure, as possible with injection or production from the previously 
fractured interval, permanent shear displacement and dilation caused by fracture opening, or the 
use of proppant to keep the fracture open. If a significant stress reorientation occurs, the tensile 
strength of the rock may still be a factor in the approximation of the breakdown pressure as a 
new fracture orientation may become more favorable for propagation. 
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On the topic of fracture reorientation, this particular phenomenon remains poorly understood. 
Predominantly, reorientation events have been observed in field applications where the 
horizontal stress anisotropy is low and multiple hydraulic fracturing treatments have been 
performed with production stages in between (Wolhart et al., 2007). However, there is also 
evidence of the potential for rapid stress reorientation and subsequent fracture reorientation 
during very fast fracturing treatments (Wieland et al., 2006) and high viscosity injection fluid 
treatments. Thus, it is known that this phenomenon may occur but the ability to predict its 
occurrence is very limited. Additional investigation of this topic will be discussed as relevant to 
our own observations in Chapter 4. 
Hydraulic fracture extension theory 
Hydraulic fracture extension predictions are typically performed using modeling methods and 
history matching techniques. Two of the most basic and commonly referenced hydraulic fracture 
models are the Perkins and Kern (Perkins and Kern, 1961 and Nordgren, 1970) and Geertsma 
and de Klerk (1969) models. Both of these models assume planar bi-wing geometries as well as 
very simple fracture opening shapes and extension geometries. Additional more powerful three-
dimensional hydraulic fracture models have been developed, which allow for simulating more 
complex geometries and geological conditions, but symmetric and planar fracture geometries are 
still typically assumed (Barree, 1983 and Warpinski et al., 1994). For practical purposes in the 
laboratory, fracture extension geometry would best be estimated through physical measurement 
but the use of simple modeling techniques was very useful during the development of the 
experimental protocol and the determination of the hydraulic injection system minimum 
specifications.  
Thus, for design purposes, a two-dimensional Perkins and Kern model with integrated heat flow 
and thermal contraction analysis was developed in-house (Kumar and Gutierrez, 2011) and used 
to obtain a rough estimate of the injection flow rates required for controlled and fully contained 
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hydraulic fracture stimulation in the laboratory. This particular model takes input parameters of 
time, injection flow rate, fracture height, fluid viscosity, temperatures, and rock elastic and 
thermal properties to generate estimates of the fracture half length and width for a simple and 
symmetric bi-wing fracture. For this model, fluid leakoff was assumed to be negligible as the 
tested rock types were expected to be similar to the low permeability crystalline basement rocks 
targeted for EGS technology field applications. 
The results from this model, as shown in Table 1.1, were obtained assuming a fracture height of 
20 cm, fluid viscosity of 0.9 cP, isothermal temperature of 25 ºC, rock elastic modulus of 57 GPa, 
and Poisson’s ratio of 0.32. The 20 cm height was assumed with the goal of generating a fully 
contained fracture within a sample having a planned minimum length dimension of 30 cm. An 
isothermal condition was assumed so thermal properties were neglected. The injection fluid was 
assumed to be water at 25 ºC where the respective dynamic fluid viscosity was obtained from the 
literature (White, 2008). Modeling water as the injection fluid represented the most difficult case 
for control of hydraulic fracture propagation due to the unfavorable effects of low viscosity 
fluids producing longer, narrower, and less stable fractures as compared to high viscosity fluids 
(Ishida et al., 2004). The assumed rock elastic properties were obtained from the Colorado 
School of Mines Earth Mechanics Institute (EMI) for locally available granite, a common type of 
crystalline basement rock. 
Table 1.1: Predicted fracture half-lengths for laboratory equipment design. 
Fracture Half-Length (mm) with Given Injection Rates Pumping Time 
(min) 0.01 mL/min 0.05 mL/min 0.10 mL/min 
5 30 78 118 
10 52 136 206 
15 72 188 285 
20 90 236 358 
25 108 283 428 
30 124 327 496 
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Pressure falloff analysis 
Numerous pressure falloff analysis techniques apply during the period of time after pumping is 
stopped. Of these techniques, some of the most prominent include ISIP quantification, log-log, 
square-root-time, and G-function (Barree et al., 2009). While each technique offers its own 
unique benefits, the ISIP quantification and G-function analysis were focused on during this 
project due to their comparatively high level of utility. 
First, the ISIP may be easily measured as the rapid pressure drop that occurs just as pumping is 
stopped. This pressure drop is attributed with the kinetic frictional losses that exist with flow 
through the borehole casing and near wellbore region during pumping. Typically, the ISIP will 
increase with larger borehole lengths and in applications where perforations are used to allow for 
fluid passage into the rock formation. A partial estimation of the borehole friction losses is easily 
obtained through the application of basic pipe flow theory and may be improved in accuracy 
using measured data. The complete estimation of the borehole friction losses typically requires 
data obtained from a step-down test, as discussed on page 18, which allows for estimation of the 
near wellbore friction losses. In laboratory applications, the pumping distance is short and 
pressure measurements may be taken close to the borehole injection point so the frictional 
pressure losses due to pipe flow effects are expected to be small and easily compensated for in 
the estimation of bottom-hole treatment pressure. Thus, any ISIP values measured in the 
laboratory are expected to readily provide information about the near wellbore friction effects. 
Next, graphical G-function analysis allows for an estimation of the fracture closure pressure as 
well as an empirical estimate of the formation permeability. The G-function is defined by 
Equations 1.12 through 1.14 (Barree, 1998, and Barree et al., 2009): 
 ( ) ppD tttt /−=∆  (1.12) 
 ( ) ( )[ ]5.15.11
3
4
DDD tttg ∆−∆+=∆  (1.13) 
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where, t  is elapsed time from fracture initiation, pt  is the total pumping time from fracture 
initiation until shut-in, 0g  is the dimensionless loss-volume function evaluated at shut-in, and 
( )DtG ∆  is the G-function. The G-function derivative and semi-log derivative, used for analysis 
and visual plotting purposes, are calculated using central difference methods. 
An estimate of the permeability may be empirically obtained after identifying the closure time 






















where, k  is the estimated permeability in md, fµ  is the injected fluid viscosity in cP, zp  is the 
process zone stress in psi, Φ  is dimensionless porosity, tc  is the total compressibility in psi
-1, 
cG  is the G-function evaluated at closure, E  is the rock elastic modulus in psi, and pr  is the 
storage ratio. The process zone stress is found by taking the difference between the fracture 
pressure just after the ISIP drop and the estimated closure pressure. The storage ratio is found by 
taking the ratio of the area under the semi-log derivative of the G-function curve relative to the 
area under the respective straight line until closure (Barree et al., 2009). Generally, the use of this 
permeability estimation method requires the assumption that the stimulated hydraulic fracture is 
fully contained within a homogenous formation, a condition being targeted for experimental 
EGS reservoir stimulation. 
Hydraulic fracture flow theory 
Hydraulic fracture flow may be divided up into several general regional components (Valko and 
Economides, 1995) as shown in Figure 1.3. The direction of the flow as shown assumes an 
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overbalanced system where the net flow rate occurs into the formation such that fluid is lost 
during pumping. In this case, pipe flow is expected through the boreholes, effectively linear flow 
is expected through the fracture aperture, leakoff into the formation is expected normal to the 
fracture plane, and far field mobilization is likely to occur. During fracturing, the total linear 
fracture flow is expected to exceed the total leakoff such that the volume of the fracture increases 
as a result. With post-stimulation injection, pumping at pressures below those required for 
continued fracture propagation, the fracture geometry is expected to remain mostly constant 
while leakoff would dominate. With the addition of boreholes intercepting the stimulated 
fracture, fluid would be able to exit the system by means other than leakoff and a subsurface heat 
exchanger would be established. Understanding the flow during each of these phases is important 
for the effective simulation of an EGS reservoir in the laboratory. 
 
Figure 1.3: Binary system flow regions. 
To analyze the borehole flow, common pipe flow theory may be used to estimate the kinetic 
pressure losses which would occur with flow between the wellhead pressure measurement 
location and the bottom hole injection interval. Assuming single phase full turbulent pipe flow, 
the Haaland equation (White, 2008), provided in Equation 1.16, may be used to obtain an 
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estimate of the frictional losses experienced through the cased borehole and surface piping or, in 




























 Re64=f  (1.17) 
where, f  is the friction factor, ε  is the roughness coefficient, D  is the pipe inside diameter, and 





=Re  (1.18) 
where, ρ  is the fluid density, q  is the fluid volumetric flow rate per unit area, D  is the borehole 
hydraulic diameter, and µ  is the fluid dynamic viscosity. The friction factor may be related to a 
pressure loss and a subsequent correction constant in order to estimate the bottom hole treatment 













where, BHP  is the injection interval borehole pressure, SFCP  is the measured pressure at the 
surface, fρ  is the fluid density, L  is the length of tubing between the surface measurement point 
and the injection interval, Q  is the net volumetric flow rate through the tubing, g  is the 
gravitational acceleration constant, and SFCh  is the elevation between the surface measurement 
location and the injection interval. 
This method was preferred over other methods such as the Colebrook equation or Navier-Stokes 
equations due to its simplicity of application with minimal reductions in accuracy (White, 2008). 
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Also, with the short tubing and borehole casing lengths expected for laboratory-scale systems, 
the pressure losses due to flow through the borehole was expected to be minor compared to the 
losses experienced through the fracture flow so high accuracy corrections were not expected to 
be required. 
Characterizing the hydraulic flow through a fracture is comparatively much more complex than 
pipe flow due to the effects of variations in the fracture profile, coupled fluid-rock interactions, 
proppant, and other issues. At its simplest form, fracture flow is often described using the 
theoretical concepts of parallel plate flow and dimensionless hydraulic fracture conductivity. 
Typically, parallel plate flow would be applicable during stimulation events where the fracture is 
opened and any proppant in the fluid is held in suspension. The linear solution for this theory has 








=  (1.20) 




Dh  (1.21) 
where, P∆  is the pressure loss along the flow direction, w  is the hydraulic gap distance, L  is 







Re =  (1.22) 
This simple solution does not take into account the effects of proppant settling, non-Newtonian 
fluids, or mixed-phase flow which are all expected to exist in EGS applications. Thus, any results 
obtained from these equations may only be considered as rough estimates. 
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After stimulation, fracture flow is often described using a dimensionless fracture conductivity 
term which has been derived from the more general Darcy flow theory for fluid flow through 







F =  (1.23) 
where, CDF  is the dimensionless fracture conductivity, fk  is the fracture permeability, fw  is the 
propped fracture width, k  is the formation permeability, and fx  is the expected average length 
for a single fracture wing assuming a bi-wing fracture. Also, the numerator of the right hand side 
is often referred to as the fracture conductivity and the denominator may be referred to as the 
formation deliverability. Typically, this theory is used in conjunction with dimensional fracture 
modeling as an optimization parameter where the theoretically optimal fracture design would 
have a dimensionless fracture conductivity of unity and practically optimal fractures would often 
target values in the range of 10 to 20 to compensate for expected losses in fracture conductivity 
known to occur in field applications (Vincent, 2011). 
In most cases, experimental and modeling methods are best to approximate the fluid flow 
through fractures as there are known concerns with fluid pathway short circuiting, proppant pack 
flow and settling, fines migration, coupled thermo-hydro-mechanical response, chemical 
instability, and many other effects. A full discussion of the current theories being used is well 
beyond the scope of this project but the lessons learned from laboratory testing of proppant flow 
and propped fracture flow was found to be relevant for understanding the results observed in the 
laboratory simulation of EGS reservoirs. Two of the common experimental tests used include 
American Petroleum Institute (API) standardized propped fracture hydraulic conductivity testing 
and experimental slot flow proppant transport testing. 
Typically, the linear flow Modified API RP-61 standardized test is used for measurement of 
propped hydraulic fracture conductivity where the goal is to estimate the in-situ fracture 
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permeability for treatment design or to compare the effectiveness of different proppant materials 
prior to use in a given treatment (CARBO Ceramics, 2012). The full procedure for this 
standardized test, as detailed in the literature, has been developed in order to isolate the proppant 
dependent conductivity measurement from the known influences of confining stresses, 
temperatures, unstable chemical solubility, non-Darcy flow effects, multi-phase flow effects, and 
duration of flow. In general, it has been found that hydraulic fracture conductivity decreases with 
an increase of any of these parameters (McDaniel, 1986, CARBO Ceramics, 2012, and API, 
1989). Thus, applying this knowledge allows for a better interpretation of any data obtained 
during simulated EGS reservoir flow testing by emphasizing the importance of achieving thermal 
equilibrium flow states as well as adding the expectation of an increasing fracture pressure 
gradient with time when constant flow rate injection is used. 
To evaluate proppant transport phenomena, experimental slot flow testing has been performed 
(Brannon et al., 2006) where hydraulic fracturing slurry fluid is pumped through a slot having a 
known width and transparent acrylic side walls. Through this testing several proppant transport 
phenomena have been observed including settling, dune building, and clogging and experiments 
have been performed to estimate when such behaviors take place. In application to this project, 
the results of these tests have provided an improved understanding of how proppant injection and 
grain migration behaviors may occur within the simulated EGS reservoir stimulation or 
production phases. In effect, this knowledge also assisted in the interpretation of the observed 
experimental results. 
To empirically investigate the hydraulic fracture flow response in the laboratory, it was found 
that use of multiple flow-rates and multiple injection pressures could be used to estimate the 
pressure-dependency or rate-dependency characteristics of the flow behavior through a hydraulic 
fracture. While Darcy and parallel plate flow theories predicted a linear pressure to flow rate 
relationship, the complex flow, pressure, fracture aperture, and permeable leakoff inter-
relationships suggested that this assumption may not be valid in practice. Therefore, the 
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implementation of stepped-pressure and stepped-rate flow testing schemes during EGS reservoir 
characterization were expected to be able to provide a verification of the applicability of these 
assumptions and theories while also providing potential experiment specific compensation 
functions as needed. 
Other fracture diagnostics tests 
In addition to the laboratory flow tests discussed, there are also several field testing methods 
available for characterizing the hydraulic flow properties of stimulated fracture networks. Of 
these tests some of the most commonly practiced were found to be the Diagnostic Fracture 
Injection Test (DFIT), the Step-Rate Test, and tracer flow tests (Miskimins, 2011). 
Typically, the DFIT may be performed just prior to a full hydraulic fracture treatment with the 
goal of characterizing the reservoir response to a fracturing treatment while also obtaining an 
estimate of some the formation parameters including in-situ permeability, reservoir flow 
characteristics, and stress-state. In application, the DFIT is effectively a small-volume and low-
cost hydraulic fracturing treatment performed without proppant injection. At the laboratory scale, 
the investigative techniques to analyze the results of DFIT tests were found to be potentially 
applicable for evaluating the achieved sample stress state and reservoir characteristics. In 
addition, the laboratory data could also be used as a backwards validation of the theoretically 
based DFIT techniques. 
For another investigation technique, a step-rate test may sometimes be performed at the end of a 
fracturing treatment with the goal of characterizing the near wellbore friction losses. For this test, 
the flow rate is quickly dropped in increments with brief time allowances for partial pressure 
equilibration and the resulting data may be used to quantify the perforation friction factor and the 
near wellbore tortuosity friction factor (Miskimins, 2011). Acknowledgement of these effects 
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was found to be useful in the qualitative analysis of data obtained through experimental testing 
of EGS reservoirs in the laboratory. 
During field production operations with injector-producer schemes, as required for EGS 
technology, chemical tracer tests are sometimes used as a mechanism to determine injected fluid 
residence time within a formation or even reservoir temperatures (Plummer, 2012). While use of 
such tests is not within the scope of this project, the application of this technology could be 
useful in future applications using the equipment developed. Future application of this testing 
method could be used to identify critical flow phenomena such as hydraulic short-circuiting, a 
condition expected to have severe and detrimental effects on the heat mining efficiency of EGS 
systems. 
Hydraulic fracture scaling laws 
In order to perform laboratory hydraulic fracturing tests that are scalable to field conditions, it 
was essential to satisfy as many of the known scaling criteria as possible. Some of the factors 
that influence scalability include injected fluid viscosity, material tensile strength and fracture 
toughness, grain, sample, fracture, and borehole dimensional ratios, confining stress to fluid 
pressure ratio, material micro and macro discontinuities, and injection rate and duration. As 
stated in the literature, it is very important to use high viscosity injection fluids, materials with 
low fracture toughness, and large samples with fine-grain nearly-homogenous composition 
during any laboratory testing intended to produce field scalable results (Johnson and Cleary, 
1991). 
The benefits of using high viscosity fracturing fluid include improved fracture growth control, 
reduced fluid leakoff, improved ability to cut through natural discontinuities, and shorter wider 
fractures (Ishida et al., 2004). In previous laboratory hydraulic fracturing experiments, injection 
fluids used have included water, brine, carbon dioxide, slurry, foam, oil, polymer, rocket 
  
 20  
propellant, and even solid urethane rubber (Zoback et al., 1977, de Pater et al., 1994, Ishida et al., 
2004, Wieland et al., 2006). Thus, for our laboratory experiments water, brine, and high viscosity 
SAE 80W90 gear oil were selected as injection fluids with the oil being used as the typical fluid 
for fracture initiation and extension. Using common fluids and a standardized oil provided the 
benefit of having known hydraulic properties along with the corresponding temperature-viscosity 
relationships as variable heating was planned for EGS reservoir simulation. 
For the sample material toughness, low toughness materials were recommended in the literature 
but this goal conflicts with the ability to use real rock in experimentation. It is well known that 
rock is rock and it is nearly impossible to scale it due to the significant heterogeneity that will 
always exist in the material. Thus, there are significant benefits to using real rock as well as 
cement based artificial rock, where real rock offers a realistic fracture breakdown and growth 
behavior on the small scale and artificial rock may better model large scale fractured reservoir 
behavior. Practically, it has been found that the non-scalable effects of fracture toughness may be 
mitigated by using high confining stresses such that the ratio of the confining stress to the excess 
fracturing pressure is kept greater than three, where the excess fracturing pressure is defined as 
the difference between the pressure inside the fracture and the minimum confining stress or 
closure pressure. Using this limit has been found to be acceptable as fracture toughness effects 
have been found to be negligible in the field where confining stresses are high and excess 
pressures are comparatively low (Johnson and Cleary, 1991). Several different materials were 
selected for use in this laboratory investigation as will be discussed in Section 3.2. 
While physical dimensions are relevant to scaling, it has been found that the absolute magnitude 
of the dimensions does not directly impact scalability according to experimentally validated 
dimensional analysis theory (de Pater et al., 1994). For the case of simple-symmetric-circular 
(penny shaped) hydraulic fractures, pumped at a constant flow rate and with no leakoff this 
dimensional analysis theory may be summarized using Equations 1.24 and 1.25: 
  






































w µτ  (1.25) 
where, t is time,τ ′  is the characteristic time constant, wR  is the wellbore radius, wQ  is the flow 
rate into the fracture, µ  is the effective channel flow viscosity, E  is the crack opening modulus, 
and Newtonian fluid flow and homogenous isotropic rock are assumed. For these conditions, µ  
and E  may be defined by Equations 1.26 and 1.27 respectively: 





E  (1.27) 
where, µ  is the dynamic fluid viscosity and E  is the elastic modulus of the rock. In effect, this 
time constant uses borehole dimensions and flow rate to non-dimensionalize the injection time 
and allow for geometric independence of hydraulic fracture analysis between the lab and the 
field. 
To specify a particular sample size for the design of the true-triaxial apparatus and 
accompanying equipment, a minimum dimension of 30 cm was selected. This value was initially 
decided upon after referencing the sample dimensions used in numerous past hydraulic fracturing 
experiments. Table 1.2 details some of the dimensions found through literature review as well as 
their respective sources. 
With an assumed maximum borehole diameter of 10 mm, this sample dimension provides a side 
length to borehole diameter ratio of 30:1. Thus if a binary system were installed with one well 
centered, a minimum center to center borehole spacing of 50 mm would be easily possible with a 
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respective buffer of 100 mm remaining until the nearest edge of the sample. Through applying 
the Kirsch stress solution (Herget, 1988) and the super position principle, the acceptability of the 
selected borehole and sample dimensions was confirmed. This method, as diagramed in Figure 
1.4, can be parameterized according to Equations 1.28 through 1.39: 
Table 1.2: Select historical laboratory hydraulic fracturing test dimensions 
Sample Dimension Borehole Diameter Source 
3.0 Ø x 6.0 cm 3.0 mm Zoback et al., 1977 
10.0 x 10.0 x 10.0 cm 3.0 mm de Pater et al., 1994 
12.0 x 12.0 x 12.0 cm 10.5 mm Zoback et al., 1977 
15.2 x 15.2 x 25.4 cm 7.9 mm Daneshy, 1973 
19.0 x 19.0 x 19.0 cm 20.0 mm Ishida et al., 2004 
30.0 x 30.0 x 30.0 cm 5.6 mm de Pater et al., 1994 
30.0 x 30.0 x 30.0 cm 20.0 mm de Pater et al., 1994 
30.0 x 30.0 x 30.0 cm 50.8 mm Rawlings et al., 1993 
40.0 x 40.0 x 40.0 cm 50.8 mm Rawlings et al., 1993 
50.0 x 50.0 x 50.0 cm 50.8 mm Rawlings et al., 1993 
68.6 x 68.6 x 81.3 cm 114.3 mm Behrmann and Elbel, 1991 
76.2 x 76.2 x 91.4 cm 50.8 mm Wieland et al., 2006 
  
 
Figure 1.4: Diagram of the Kirsch solution applied to a two borehole system 






































hHhHr  (1.28) 
  
 23  

































hHhHt  (1.29) 
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where, a  is the radius of the borehole and is assumed to be the same for each hole for ease of 













=  (1.41) 
where, SFP is the stress concentration factor parallel to the expected fracturing plane and SFT is 
the stress concentration factor perpendicular to the fracturing plane. Using this approach, it was 
possible to obtain the theoretical stress factor curves shown in Figure 1.5 through Figure 1.8 
which illustrate the expected stress concentration factors between two boreholes drilled as if to 
intercept a planar hydraulic fracture propagating perpendicular to the minimum horizontal 
confining stress and intersecting each borehole axis. For these plots, a maximum horizontal to 
minimum horizontal confining stress ratio of 2:1 was used. From these plots, it is clear that 
average closing stress concentration factor of less than 1.2 would be expected across the bulk of 
the fracture plane given a center-to-center spacing of only 50 mm. This value was taken to be 
reasonably close to the far field stresses such that field scalable data should be obtainable 
recognizing the significantly more prominent influence of other effects on the model. 
Furthermore, in Chapter 4 resulting data is discussed that provides additional validation for the 
scalability of the selected geometry. 
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Figure 1.5: Stress concentration factors with 30 mm borehole spacing. 
  
Figure 1.6: Stress concentration factors with 50 mm borehole spacing. 
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Figure 1.7: Stress concentration factors with 70 mm borehole spacing. 
  
Figure 1.8: Stress concentration factors with 200 mm borehole spacing. 
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History of True-Triaxial Cell Development 
Triaxial capable laboratory equipment has been available since 1901 when a sample was first 
confined within a steel ring to provide lateral confinement during axial compression. Later, 
directly controlled lateral confining stresses using pressurized fluid jackets provided an 
improvement upon triaxial technology allowing for the stress dependent elastic and mechanical 
properties of materials to be characterized. However, this technology still differed from true-
triaxial as the more simplistic triaxial technology could not apply significantly different 
magnitude confining stresses across each of the three principal axes. The first true-triaxial 
equipment was created in 1967 through the advent of twisting cylindrical samples. Since then, 
improved methods have been developed through multi-axis load frames, cubical samples, and 
flat jack technology as outlined in Table 1.3 (Mogi, 2007).  
Table 1.3: Developmental progress towards true-triaxial technology (Mogi, 2007). 
Date Developer Stress System Method 
1901 Adams & Nicolson σ1 ≥ σ2 = σ3 Solid piston with sample in solid pipe 
1911 Kármán σ1 ≥ σ2 = σ3 Solid piston and fluid pressure 
1915 Bӧker σ1 = σ2 ≥ σ3 Fluid pressure and solid piston 
1935 Griggs σ1 ≥ σ2 = σ3 Solid piston with constant fluid pressure 
1967 Handin et al. σ1 ≥ σ2 ≥ σ3 Hollow cylinder specimen 
1968 Hojem & Cook σ1 ≥ σ2 ≥ σ3 Solid piston and flat jacks 
1969 Mogi σ1 ≥ σ2 ≥ σ3 Solid pistons and fluid pressure 
1977 Mogi σ1 ≥ σ2 ≥ σ3 Solid piston and fluid pressure 
1993 Rawlings et al. σ1 ≥ σ2 ≥ σ3 Flat jacks in circular cylinder, max pressure 
7 MPa, 50 cm cubical sample 
2005 Haimson & Chang σ1 ≥ σ2 ≥ σ3 High load solid pistons and fluid pressure, 
max pressure 1.6 GPa, 1.9 x  3.8 cm 
cylindrical sample 
2010 CSM σ1 ≥ σ2 ≥ σ3 Flat jacks in circular cylinder, max pressure 
12 MPa, 30 cm cubical sample. 
 
A review of many of these devices (Zoback et al., 1977, Rawlings et al., 1993, de Pater et al., 
1994, Ishida et al., 2004, and Wieland et al., 2006) was used in the development of a new heated 
true-triaxial load cell with hydraulic flat jack applied confining stresses for Colorado School of 
Mines and this EGS research project. The selected features included a cylindrical pressure-vessel 
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type body, drill through lids, externally mounted flexible heater elements, and rigid internal 
loading platens with further details as provided in Chapter 3 and Appendix B. It was found that 
such a system allowed for maximum versatility, good applied stress uniformity and control, and 
an economical build. 
1.3 Motivation 
The primary motivation sources for this project were to accomplish the research goals as detailed 
in an approved proposal to the US Department of Energy (DOE) and to attempt to reconcile 
some of the existing knowledge gaps on hydraulic fracturing and EGS technology as identified 
through literature review. Recognizing that the goals of the DOE research grant are fully stated 
and detailed within the proposal (Gutierrez and Nakagawa, 2010), focus will be directed towards 
the identified knowledge gaps.  
Currently, there is very little historical data and experience to rely on for the planning and design 
of field EGS projects. This issue is of particular concern given the high capital cost and high risk 
of failure with the development of unknown geo-fluid resources whether oil, natural gas, or 
geothermal fluids. Therefore, the simulation of EGS reservoirs in the laboratory has the potential 
of providing some of this much needed experience and reference data as well as an opportunity 
to develop and validate new stimulation and reservoir management techniques for use in the field.  
In addition, little is currently known about temperature effects on hydraulic fracture flow 
response, heat transfer effectiveness through hydraulic fracture networks, optimal stimulation 
methodology for crystalline rock, the applicability of proppant in the hostile EGS environment, 
and ultimately whether or not EGS technology could really work in practice. Most, if not all, of 
these topics could potentially be resolved through fully-featured heated and true-triaxially 
confined EGS reservoir experimentation on granite at the laboratory scale. 
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 Ultimately, the technical unknowns about EGS are best answered with laboratory testing where 
control variables may be limited and analysis techniques that are only possible at the lab scale 
may be utilized, such as piecewise cross-sections cut across the entirety of a stimulated reservoir. 
With the inclusion of acoustic emission (AE) passive monitoring methods, this project could also 
be used to develop improved methods of subsurface fracture visualization which in turn could 
allow for improved success rates when drilling fracture intercept boreholes, as required with 
EGS technology. 
  




Acknowledging the existing deficiencies in EGS technology which act as a barrier towards field 
application and full scale energy production, laboratory experimentation has been undertaken 
with the objectives of: 
1. Developing equipment capable of simulating laboratory-scale EGS reservoirs. 
2. Using this equipment to demonstrate the technical validity of EGS technology as a 
potential method of heat-mining from non-traditional geothermal resources. 
3. Performing investigative experimentation to develop specialized hydraulic fracturing 
techniques for improved EGS reservoir creation. 
Ultimately, all of these objectives have been met or exceeded and novel results have been 
obtained which successfully validate the potential of EGS technology. Additionally, several 
significant improvements for the execution of stimulation and production stages have been 
discovered which may allow for more effective field applications of the technology. 
  




The successful simulation of EGS reservoirs in the laboratory required the development of a 
specialized heated true-triaxial cell and auxiliary equipment, the measurement of supporting data, 
and the execution of scaled hydraulic fracture treatments and post-stimulation flow 
experimentation. To complete each task, relevant standardized procedures were often referenced 
with new methods being developed as required. This chapter discusses the details of the 
experimental methodology used for this project and has been subdivided into the topics of 
experimental equipment development, sample materials and testing, and hydraulic fracture 
testing and data analysis. 
3.1 Experimental Equipment Development 
The equipment developed to simulate EGS reservoirs in the laboratory may be divided into the 
three subsystems of: 
1. The heated true-triaxial cell which holds the rock sample and applies the appropriate 
boundary conditions to simulate EGS environmental conditions.  
2. The high-pressure fluid injection system as required for hydraulic fracture stimulation 
and reservoir flow stages. 
3. The multi-function data acquisition system used to monitor and control system processes. 
With the development of each subsystem and their combined application, several critical 
elements were identified and tested to validate their proper operation. This testing included 
concept validation, preliminary borehole seal testing, hydraulic fracturing tests, and fully heated 
and confined true-triaxial EGS reservoir simulation tests. 
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Heated True-Triaxial Cell 
A custom heated true-triaxial cell has been developed to allow for the simulation of EGS 
environmental conditions. This cell, as shown in Figure 3.1, is capable of applying independently 
controlled principal stresses of up to 13.5 MPa to 30x30x30 cm cubical samples. External dual-
zone heater elements allow for sample heating to effectively constant targeted temperatures 
where the basal and horizontal boundary conditions may be independently controlled. As a novel 
design component, this cell allows for oriented boreholes to be percussively drilled into a sample 
at fully confined and heated conditions. The drawing documents developed for the fabrication of 
this equipment are provided in Appendix B for reference. 
 
Figure 3.1: Heated true-triaxial cell. 
Simulated conditions 
Relating the specifications of this equipment to the field, this cell allows for the simulation of a 
hot dry rock reservoir at a depth of approximately 460 m and virgin steady-state temperature of 
180 ºC. This depth value was estimated using basic overburden stress theory, provided in 
Equation 3.1, with an assumed rock density of 2700 kg/m3, representing typical granite (EMI, 
2010): 
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 gDbv ρσ =  (3.1) 
where, vσ  is the overburden stress, bρ  is the bulk weight of the rock, g  is the acceleration of 
gravity, and D  is the depth of overburden. 
Selection of sample dimensions 
The selection of the physical dimensions for the sample blocks to be used in the true-triaxial cell 
required consideration of both theoretical preferences and practical feasibility. The optimal 
balancing of these two design goals was determined through evaluation of the applicable scaling 
laws, physical handling capabilities, and fabrication cost. 
From a scaling perspective, larger samples would be more optimal for design as they would 
allow for an improved ability to generate fully contained hydraulic fractures within the sample 
while also reducing potential scaling issues due to grain size effects. As discussed in Section 0, a 
minimum sample size of 300 mm on a side was found to be sufficient for scale modeling of 
binary EGS systems if borehole diameters were limited to 10 mm outside diameter and a 
borehole spacing of at least 50 mm was used. 
From a practical perspective, smaller samples were preferred as they would be easier to handle in 
the laboratory and would require less bulky equipment. At 30x30x30 cm a granite sample would 
have a mass of approximately 73 kg (160 lb) requiring at least two people or a simple hoisting 
system to be able to manipulate it. Increasing the sample size to 50x50x50 cm would result in 
samples having a mass of approximately 338 kg (743 lb) which would require a custom lifting 
mechanism for manipulation in the laboratory. Also, the selected sample dimensions also directly 
influence the bulk of the assembled equipment where the true-triaxial rig would have a mass of 
1207 kg (2660 lb) or 4145 kg (9136 lb) with corresponding sample side lengths of 30 cm or 50 
cm respectively. These estimated mass values were obtained during the design process for the 
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cell. Evaluating the feasibility of the cell weights, it was found that having an assembled mass 
exceeding 1800 kg (2 tons) would add significantly more handling difficulties as specialized 
hydraulic powered lifting equipment would become required along with potential structural 
modifications to the laboratory space to improve the floor strength. 
To investigate the costs associated with the different design options, fabrication quotes were 
obtained for the 30x30x30 cm sample true-triaxial cell. A summary of these quotes is provided in 
Table 3.1. For this equipment, the targeted budget was taken as $15,000 so even at this relatively 
small sample size the fabrication costs were in the realm of the budget limit. With a larger design, 
these costs would undoubtedly increase significantly above the allowable budget. 
Table 3.1: Quotes for 30x30x30 cm sample true-triaxial cell. 
Fabricator Quote 
GBC, Inc. $18,224.45 
Pipe Industries, Inc. $13,250.00 
Precision Pipe & Vessel, LLC. $15,349.59 
Longero Iron Mountain Industries, Inc. $11,045.89 
 
Thus, the practical concerns dominated the design and the more manageable 30x30x30 cm 
sample size was selected. These dimensions are reflected in the design documents as provided in 
Appendix B. 
Confining stress equipment and calibration 
To apply the confining stresses, three Freyssinet 350 mm round hydraulic flat jacks were 
installed inside the cell as shown in Figure 3.2. Each jack was capable of being independently 
pumped to a working pressure of up to 15 MPa using separate Enerpac P80 hydraulic hand 
pumps. Between the sample and the jacks, a 295x12 mm (11.61 in diameter by 0.47 in thick) 
round steel platen and a 300x300x25.4 mm (11.81 in side by 1 in thick) square steel platen were 
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placed in series to allow for uniform stress transfer from the 350 mm diameter jacks to the 
300x300 mm sample faces. A second round steel platen was placed behind each jack to allow for 
good contact with the reaction surface provided by the concrete backing inside the main body of 
the cell. The concrete backing was formed with a 381 mm (15 in) square opening, medium 
strength concrete grout, and steel mesh and steel fiber reinforcement to provide durable flat jack 
reaction surfaces. 
To calibrate the hydraulic flat jacks and allow for sample stress control during the operation of 
the cell, one flat jack was installed into a 1000 kN (220 kip) MTS load frame and subjected fixed 
displacement pressure-force testing. The resulting calibration data is provided in Figure 3.3 and 
Equation 3.2:  
 
Figure 3.2: Flat jack installation of into the cell. 
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Figure 3.3: Freyssinet 350 flat jack calibration plot. 
 805499.0 Ejack PF ⋅=  (3.2) 
where, jackF  is the jack output force in kN and 80EP  is the flat jack internal pressure in psi. This 
data demonstrated that the flat jacks have a nearly linear pressure to force output function where 
the magnitude correlates well with the published specifications provided by Freyssinet (2010). 
Due a the plastic deformation response exhibited by the flatjacks while in operation, this 
calibration procedure also identified that a residual force output of 22 kN (5000 lb) would be 
expected even after fully depressurizing the fluid inside the jacks. This data was found to be 
important when developing the sample removal procedure for post-test analysis where intact 
sample recovery was desired. 
A small Enerpac RCS-101 hydraulic cylinder was purchased to overcome the residual flat jack 
pressures and allow for intact sample removal. This low-profile 89.2 kN (10 ton) jack was found 
to be sufficient for overcoming the frictional forces developed between the flat jacks and the 
concrete cell backing to allow for well controlled sample removal as confirmed by simple 
analytical design calculations and physical testing. 
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Heater system 
Flexible electrical heater elements were installed onto the outside of the true-triaxial cell to allow 
for sample heating as required for EGS simulation experiments. To control the heaters, an 
Omega CN79022-C4 proportional-integral-derivative (PID) electrical relay controller was 
obtained which allowed for dual-zone operation using thermocouple inputs and relay control 
voltage outputs. Operating the system with digital PID allowed for very stable and accurate 
control of the on-off heater elements such that temperatures could be maintained at a precision of 
better than 0.5 ºC. The selected heaters included two parallel wired Omega SRFG-630/5 
rectangular heaters installed on the outside of the main cylinder body and one SRFR-12/5 round 
heater installed on the bottom of the cell. The top and sides of the cell were insulated with an 
arrangement of ceramic bricks as shown in Figure 3.4. The lateral and basal heaters were 
independently controlled to allow for far-field temperatures and the vertical temperature gradient 
to be controlled independently. In total, with 115 VAC, this heater system operates at 1470 W 
requiring two standard 10 A building supply circuits. 
 
Figure 3.4: Brick insulated true-triaxial cell. 
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Borehole drilling system 
A custom orientable drill press with percussive drilling capability was developed to allow 
drilling of the two boreholes needed for binary EGS reservoir simulation. This drill press, as 
shown in Figure 3.5, was built with 0º, 15º, 30º, and 45º vertical angle set points and was 
outfitted with a Bosch 11224VSRC rotary hammer drill mounted to a movable shuttle which 
provided for 300 mm of travel. A Rockler router speed control unit was used to remotely 
manipulate the drill speed and make adjustments for the different materials being drilled. For a 
simple vertical borehole, this drill was used to drill through at least 50 mm of A514 steel, 25 mm 
of A36 mild steel, and 100 mm of the sample block. To complete this drilling, a series of bits 
were used including a size X jobber’s cobalt bit, size X extended black oxide bit, Bosch 3/8” (9.6 
mm) rebar cutter, and Bosch 3/8” (9.6 mm) masonry bits. Rotary hammering mode was only 
used when drilling through the sample material where borehole damage simulation was desired. 
    
Figure 3.5: Oriented rotary hammer drill press. 
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The ability to drill into fully loaded samples and simulate borehole damage improves on previous 
true-triaxial hydraulic fracturing equipment designs where this was not done (Daneshy, 1973, 
Zoback et al., 1977, Behrmann and Elbel, 1991, Johnson and Cleary, 1991, Weijers et al., 1994, 
Ishida et al., 2004, Wieland et al., 2006).  It is expected that including this feature allows for 
more realistic stimulation of hydraulic fracturing in the laboratory as borehole damage is an 
inevitable truth during field applications (Porter, 1989). Typically, the borehole damage zone 
may be expected to influence hydraulic fracture initiation location, borehole stability, borehole 
skin factor and effective well permeability, and borehole seal integrity. In terms of hydraulic 
fracture initiation, borehole damage has the potential of decreasing realized breakdown pressures 
as local drilling induced fractures are expected to occur with percussive drilling and these 
induced discontinuities may act as initiation points. Ultimately, the inclusion of this novel feature 
provides significantly improved experimental versatility with user selectable borehole 
orientations as well as the potential to discover improved understanding of the in-situ hydraulic 
fracturing process. 
Fabrication 
The fabrication of the true-triaxial cell was completed in several stages with some work 
performed by local fabricators and the completion work performed in-house. The main 
components of the true-triaxial cell were fabricated by Pipe Industries Inc. located in Commerce 
City, Colorado. The casting of the reinforced concrete backing was completed in-house using a 
particle board and 2x4 forming system. To install the heaters, Trans-A-Therm heat conducting 
putty, manufactured by Goldsmith Engineering & Chemical Company, was used as a bonding 
agent to the cell. Assembly and disassembly was completed using a Torin Big Red 2-Ton folding 
shop crane along with a large 1-1/2” (38.1 mm) socket wrench extended for a 60 cm handle 
length to achieve a required bolt pre-load of approximately 100 kN. Ultimately, the final 
equipment functioned well and either met or exceeded all of the desired design criteria. 
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Hydraulic Injection System 
A custom hydraulics system, as shown in Figure 3.6, was developed to allow for programmable 
high-pressure flow of fluids into the sample through the injection borehole. For this design, the 
components are best described according to the systems of injection pumping, slurry injection, 
borehole sealing, production pumping, and fluid characteristics as detailed further within this 
subsection. 
Injection pumping system 
Dual Teledyne Isco 65DM 10,000 psi (70 MPa) syringe pumps were selected for use during all 
fluid injection pumping operations. These pumps are individually capable of achieving flow rates 
between 10 nL/min and 30 mL/min with a set point accuracy of ±0.3% which was found to be 
ideal for achieving the low flow rates required to develop controlled fracture growth in the 
30x30x30 cm samples. As seen in Table 1.1, if a goal fracture half length of 100 mm is desired 
for full hydraulic fracture containment, flow rates in the range of 0.01 mL/min to 0.1 mL/min 
would allow for reasonably controllable stimulation treatment pumping times in the range of 5 to 
25 minutes to be used. Pumping at higher flow rates would be unacceptable for this application 
due to excessively rapid fracture growth rates and corresponding increases in the difficulty of 
controlling and monitoring the fracture growth. A pump controller with serial communications 
allows for the pump pressure, volume, and flow rate to be remotely controlled and monitored 
real time. This controller also allows for the selection of direct flow-rate control or PID operated 
pressure control when operating the pumps which was found to be very useful when 
characterizing the pressure-flow response of a stimulated EGS fracture network. 
With the addition of four remote controlled pneumatically-actuated valves, these two pumps 
could be operated in a continuous constant flow or continuous constant pressure mode. 
Autoclave SW4071-CM normally-open hydraulic valves and a Clippard Minimatic EMC-08 
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board with ETN-3M-12 normally-open pneumatic valves were used to enable this type of 
operation. In this mode, the pump controller operated the valves using available 15 VDC open-
collector type auxiliary circuits. Table 3.2 details the relationships between valve positions and a 
given control state. 
 
Figure 3.6: Diagram of the hydraulic injection system showing the inflow fluid reservoir (1), 
pneumatic actuated continuous flow valve system (2 and 5), dual high pressure syringe pumps (3 
and 4), clean to slurry valve switching system (6), rotationally mixed hydraulic to hydraulic 
piston actuator (7), sample block (8), outflow reservoir (9), and general arrangement of select 
sensor systems. 
Table 3.2: Teledyne Isco valve control states. 
Control State Control Voltage Pneumatic Valve Hydraulic Valve 
High (H) 0 V Open Closed 
Low (L) +15 Vdc Closed Open 
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Slurry injection system 
A Tobul 040A100-1N9A22 liquid-liquid piston accumulator was installed into the hydraulic 
system along with two additional Autoclave SW4071-CM valves to allow for the injection of a 
suspended proppant slurry. To maintain slurry suspension, the accumulator was fitted with two 
Rotary Systems series 003 rotary unions which allowed for the accumulator to be rotationally 
mixed. Experimental testing was used to determine the optimal rotation speed of 70 RPM for the 
mixer such that full suspension could be obtained with water and 100 Mesh sand proppant. 
Following Stoke’s Law of settling, it was expected that higher rotation speeds would be required 
for uniform mixing of larger proppant grains and lower speeds would be required for higher 
viscosity fluids. Figure 3.7 provides images of each mixing state as obtained during the 
experimental testing performed with a prototype cylinder mounted on a lathe having anti-
clockwise rotation. 
 
Figure 3.7: Sand proppant and water mixing tests showing static setting (a), slope failure (b), 
homogenous mixing (c), partial mixing (d), partial centrifuging (e), and full centrifuging (f), at 
rotation speeds of 0, 35, 70, 80, 125, and 160 RPM respectively. 
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The additional valves were included in the system to allow for staged injection of the proppant 
slurry, as shown in Figure 3.6. Staging and ramping of the proppant concentrations are common 
field techniques used to improve the stimulated hydraulic fracture flow characteristics (Cleary et 
al, 1993 and Morita and Fuh, 2011). 
Borehole sealing system 
Attaining a good hydraulic seal between the fluid injection system and the borehole in the 
sample was found to be one of the most critical design aspects for the project. A good seal 
prevents fluid leakage through the borehole annulus, allows for reliable injected fluid volume 
quantification, and ensures that breakdown pressures may successfully be reached. In the event 
of a poor borehole seal, fluid leakage would occur but breakdown pressures would still be 
achievable if a sufficiently high flow rate was used, sacrificing confidence in the injected fluid 
volume and the ability to control the fracture geometry. With a failed seal, a breakdown type 
event would be observed which could be mistaken for a hydraulic fracture being generated and 
the entire test would be a failure. Through concept-validation testing, the final and most 
successful sealing design was found to use externally threaded borehole casing and down-hole 
epoxy grout delivery using gelatin capsules. Figure 3.8 provides a diagram of the sealing method 
used along with an example as installed into an acrylic glass sample. 
With this proven sealing method, 9.52 mm (3/8”) outside diameter 316SS hydraulic tubing, 
having an inside diameter of 6.35 mm (0.250 in), was machined with a shallow 3/8”-16 external 
thread. This thread was cut to a nominal inside diameter of 8.89 mm (0.350 in) and left in an 
unfinished state such that the nominal outside diameter of the threaded tubing was measured at 
9.65 mm (0.380 in). This produced a flat tip thread that allowed for the tubing to maintain a 
sufficient wall thickness for withstanding pressures up to 70 MPa (10,000 psi). The expected 
pressure capacity was verified using methods taken from ASTM A822 (2010). The rough-finish 
thread was preferred as it was expected to form a better bond with the Loctite Instant Mix 5-
  
 44  
Minute Epoxy being used as the grout. Prior to installation, the tubing was washed to remove oils 
and other contaminants, the external hydraulic compression fitting ferrule and nut were fastened 
onto the tubing, and the tip of the threaded interval was capped with an epoxy plug having a 
thickness of at least 6 mm. 
 
Figure 3.8: Borehole sealing diagram (left) and acrylic glass example (right). 
To deliver the epoxy down hole, three size 00 gelatin capsules were used. Each capsule was 
filled to approximately 70% of its total volume and was dampened with water prior to insertion 
into the borehole to soften the gelatin. Immediately after the capsules were placed into the 
borehole, the tubing was forced into the borehole by hand to crush the capsules. Pushing with 
approximately 90 N (20 lbs) of force, the tubing was first spun clockwise 10-15 times to pull the 
epoxy into the threads followed by 30 or more anti-clockwise rotations to remove air bubbles. If 
significant resistance was encountered before completing 30 revolutions, the spinning was 
stopped to prevent weakening of the epoxy bond as the material began to set. 
It is important to note that this sealing method is different from field methods in which cement 
grout is typically used to fill the annulus and the injection interval is typically perforated using 
small explosives or water jet cutting in order to allow for the injected fluid to contact the rock. 
However, it is well known that cement grouting jobs are not entirely effective at creating a good 
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borehole seal and that some grouting jobs are not even performed properly so as to attain a 
quality seal (Miskimins, 2011). Therefore, to achieve a high success rate in the laboratory and 
remove unwanted system complexity, the threaded tubing with epoxy grout was used in 
preference to smooth walled casing with cement grouting which would share more 
commonalities with the field. 
After allowing at least 24 hours of cure time, a 5.6 mm (7/32”) uncased borehole interval was 
drilled through the casing, epoxy plug, and into the sample. This interval provided fluid access to 
the sample material while maintaining the integrity of the borehole seal. Using an uncased 
interval also allowed for removal of unwanted complexities which would occur with casing 
perforation methods (Daneshy, 1973 and Behrmann and Elbel, 1991). In particular, a fracture is 
expected to have a larger intersection length with the borehole when stimulated from an uncased 
interval such that near well bore tortuosity should be lessened and proppant may pass directly 
into the fracture with much less resistance and tendency to screen out. 
Production fluid pumping system 
A simple vacuum system was used to measure the fluid production rate from fracture intercept 
boreholes during reservoir flow testing, as diagrammed in Figure 3.9. With this system, flexible 
nylon tubing was installed into the production borehole along with a bottom-hole thermocouple 
to allow for measurement of the temperature of the produced fluid. This tubing was sealed into 
the borehole using a simple forced expansion seal method to allow vacuum pressurization of the 
entire production borehole interval, as detailed in Figure 3.10. Also, the following auxiliary 
equipment was used for flow rate measurement: 
 
• Vacuum pressure transducer or dial gage 
• Water vapor condensing reservoir 
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• Digital mass balance 
• Vacuum pump 
• Digital acquisition system (DAQ) 
 
Figure 3.9: Production borehole pumping system. 
 
Figure 3.10: Vacuum borehole sealing system. 
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Programmable pump operations 
The Teledyne Isco pump controller may be operated using the built in keypad functions or by 
serial communications. Some of the standard keypad pump operation functions include: 
• Stop pump 
• Constant flow rate 
• Constant pressure 
• Refill pump 
To expand upon these capabilities, the serial communications option allows for the pump data to 
be collected and the pump operations to be manipulated remotely. At the basic level, the serial 
communications protocol, termed DASNET by Teledyne Isco, provides for all of the same 
control options as the local keypad functions but a custom programmable driver has been 
developed in LabVIEW to allow for more complex pump operations to be performed. In 
particular, this custom program allows for timed pump operations, conditional operators, variable 
based programming, and access to auxiliary external data for referencing. These additional 
functions have been found to be very useful for operating the pumps in modes such as: 
• Measured volume injection at constant flow rate or pressure 
• Stepped flow rate or pressure 
• Automated hydraulic system bleeding with peak pressure limiting 
• Automated flow reversal with pressure peak detection 
• Continuous constant flow rate 
• Continuous constant pressure 
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Some additional features of the LabVIEW driver include real-time pressure and log-flow rate 
plotting, manual valve control, and uninterrupted data acquisition at user specified rates of up to 
1 Hz. The acquired data is saved into appending files and new files are created once 10,000 time-
steps have been recorded which allows for continuous acquisition for weeks or months at a time. 
Injection fluids used 
The fluids used included SAE 80W90 oil, water, brine, and oil-proppant slurry. Typically, 
Valvoline® DuraBlend® SAE 80W90 oil was used during hydraulic fracture stimulation 
treatments due to its high viscosity allowing for improved control of fracture growth. For 
reservoir flow testing, water or brine was preferred due to its similarity with field EGS reservoir 
fluids, high specific heat capacity, and comparatively low viscosity allowing for reduced 
potential for continued fracture propagation. For reference, the properties of the SAE 80W90 oil 
are provided in Table 3.3 and the properties of the water and brine may be readily found in the 
literature (White, 2008 and McCutcheon et al., 1993). Due to the well known properties of 
petroleum based oils, the viscosity at temperatures outside of the two measurement points may 
be estimated using the Walther Equation as provided with Equation 3.4 (ASTM D341). 
Table 3.3: Properties of Valvoline Durablend SAE 80W90 oil. 
Property Value 
Specific Gravity at 60 ºF 0.887 
Viscosity at 40 ºC 132 cSt 
Viscosity at 100 ºC 14.4 cSt 
 
 ( )( ) TBAv log7.0loglog −=+  (3.4) 
Multi-Function Data Acquisition Systems 
An extensive data acquisition system was required to be able to effectively monitor the simulated 
EGS reservoirs such that comparisons could be made with other laboratory work, field testing, 
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and computer modeling applications. At a minimum, this system needed to be able to collect 
injection and production temperature, pressure, and flow rate information such that the fluid 
could be fully characterized and the corresponding, density, viscosity, and thermodynamic state 
could be inferred. For the successful drilling of a fracture intercept borehole and the subsequent 
completion of a simulated EGS reservoir, an acoustic emission monitoring system with source 
location functionality was required. The addition of a thermocouple array on the outer sample 
faces allowed for the boundary conditions of the reservoir to be known which was expected to be 
very valuable information for verifying when steady state conditions were achieved as well as for 
providing reference data for computer modeling applications. With strategic strain gage 
monitoring, it was also possible to verify that an acceptably uniform loading state had been 
achieved. All together, collecting this amount of data required multi-function monitoring 
capabilities spread across many digital acquisition channels as will be described further within 
this section. 
The active sensor elements in the data acquisition network included many different devices each 
with their own power requirements and output signal types. In general, this equipment included a 
compilation of pressure transducers, thermocouples, displacement transducers, piezoelectric 
transducers, and strain gages. Recognizing that providing full details about each sensor used is 
beyond the scope of this document, a summary has been provided in Table 3.4 where a 
description of the sensors used and their purpose is briefly provided. Information on the 
corresponding measurement ranges and a accuracies is provided in the accompanying Table 3.5. 
Additional information on the given sensors is readily available from the respective 
manufacturers with reference to the part numbers provided. 
The analog-to-digital data acquisition equipment included six different devices as monitored by 
four different computer platforms. Each device was tasked with different monitoring objectives 
depending upon its capabilities and ease of mobility. In general, these devices were separated 
into the categories of true-triaxial systems monitoring, materials testing, acoustic emissions 
  
 50  
monitoring, hydraulics system monitoring and control, production flow rate measurement, and 
experimental measurement. 
First, a National Instruments (NI) cDAQ-9178 8-Slot USB chassis was used as the primary 
instrument for monitoring the simulated EGS reservoir pressures, temperatures, confining 
stresses, and strains. This DAQ contained two NI-9235 120 Ω 8-channel strain gage modules, 
one NI 9213 16-channel thermocouple module, one NI 9207 16-channel voltage and current 
module, and one NI 9219 multi-function 4-channel module. A Lenovo K320 desktop computer 
was used to collect the data using LabVIEW software. When in operation, this DAQ was used to 
monitor the reservoir parameters as described in  
Table 3.6. A map of the surface strain gage measurement positions is provided in Figure 3.11 
and a map of the thermocouple array used to monitor the surface temperatures of the sample is 
provided in Figure 3.12. 
Table 3.4: List of sensors used during experimentation. 
Measurement 
Type 
Part Number Mfg. Purpose 
Pressure PX309-10KG5V Omega Wellhead, intermediate confining jack 
pressure, load frame pressure 
Pressure PX309-3KG5V Omega Minimum confining jack pressure 
Pressure PX40-50BHG5V Omega Outflow reservoir fill 
Temperature TFE-T-24-500 Omega General use type-T thermocouple 
Temperature 5TC-GG-J-24-72 Omega General use type-J thermocouple 
Strain SGD-13/120-RY93 Omega Sample surface strain rosettes. 
Strain SGD-13/350-LY43 Omega Materials testing (Poisson’s Ratio) 
Strain SGD-30/120-LY40 Omega Materials testing  
Displacement LD621-30 Omega Load frame axial displacement. 
Displacement HM2310.04 Humboldt General use 
Acoustic WSA PAC* AE monitoring 
SP† N/A BioSemi Spontaneous Potential monitoring 
* Physical Acoustics Corporation, † Spontaneous Potential 
Second, a NI USB-9162 single slot chassis with a NI 9219 multi-function 4-channel module was 
used as a portable DAQ for auxiliary purposes. This system was run with LabVIEW on an Asus 
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Eee PC netbook and was used primarily for materials characterization testing and sensor 
calibration applications. With the multi-function channels, this DAQ was able to interface with 
the voltage output transducers, thermocouples, and 120 Ω and 350 Ω strain gages used for this 
project. In general, this particular system was found to be very useful as it allowed for the 
measurement from a large range of instruments and provided a significant level of flexibility in 
the laboratory such that calibrations and check measurements could be quickly and efficiently 
performed. 
Table 3.5: List of abbreviated sensor ranges and accuracies. 
Sensor Part 
Number 




PX309-10KG5V Analog (0 to 5 V) 0 to 70 MPa ±2% FSO 
PX309-3KG5V Analog (0 to 5 V) 0 to 20 MPa ±2% FSO 
PX40-50BHG5V Analog (2.5±2.0 V) 0 ± 6.7 kPa ±0.95% FS 
TFE-T-24-500 Analog (±125 mV) -250 to 350 ºC ±0.5 ºC or 0.4% 
5TC-GG-J-24-72 Analog (±125 mV) 0 to 750 ºC ±2.2 ºC or 0.75% 
SGD-(…) Analog (±125 mV) 0 to 30000 μs ±(5% + Temp. Effects) 
LD621-30 Analog (0 to 10 V) 0 to 30 mm ±0.2% FSO 
HM2310.04 Analog (0 to 65 mV) 0 to 10 mm ±0.1% 
 
Table 3.6: NI cDAQ-9178 sensor-channel associations and acquisition rates. 
Module Channels Parameter Rate 
NI-9235 (1) 1-8 Sample surface strain gage rosettes* 1000 Hz 
NI-9235 (2) 1-7 Sample surface strain gage rosettes* 1000 Hz 
NI 9213 1 Ambient temperature 0.25 Hz 
NI 9213 2 Wellhead temperature 0.25 Hz 
NI 9213 3 Inflow reservoir temperature 0.25 Hz 
NI 9213 4 Heater A external temperature (lateral) 0.25 Hz 
NI 9213 5 Heater A external temperature (basal) 0.25 Hz 
NI 9213 6 True-triaxial cell base lid temperature 0.25 Hz 
NI 9213 7 Bottom hole temperature (BHT) 0.25 Hz 
NI 9213 8 True-triaxial cell top lid temperature 0.25 Hz 
NI 9213 9-16 Sample surface temperatures 9-16† 0.25 Hz 
NI 9207 1 Injection wellhead pressure 1 Hz 
NI 9207 2, 3 Confining flat jack pressure 1 Hz 
NI 9207 4 Outflow reservoir pressure 1 Hz 
NI 9219 1-4 Sample surface temperatures 17-20† 0.25 Hz 
* See Figure 3.11 for strain gage map; † See Figure 3.12 for thermocouple map. 
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Figure 3.11: Typical sample surface strain gage layout. 
 
Figure 3.12: Typical thermocouple sensor arrangement on sample surface. 
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Third, a Physical Acoustics Corporation (PAC) Micro-II Digital AE System with three PCI-2 
cards was used to allow for the monitoring of six acoustic emissions sensors. These sensors were 
attached to the sample faces in an arrangement to provide multi-axial coverage of AE monitoring 
over as much of the sample volume as possible, as diagrammed in Figure 3.13. The use of six 
sensors also enabled the application of moment tensor analysis methods to classify recorded AE 
events according to the mode of failure as tensile dominated, mixed-mode, or shear dominated. 
Fourth, the Teledyne Isco pump controller was used to record hydraulic system pumping data. 
Specifically, the obtained data included pump flow rates, pressures, fluid volumes, and operating 
statuses along with the open or closed configuration of each automated valve in the hydraulic 
circuit. This data was acquired from the controller through serial communications with the 
Lenovo K320 desktop using the custom LabVIEW driver. This device allowed for high accuracy 
and high precision measurements of the flow rates within ±0.3% error of the specified set point. 
Additionally, the pump controller allowed for the programmatic operation of the pumps. 
 
Figure 3.13: AE sensor arrangement on the sample surface. 
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Fifth, a Mettler Toledo PB1502 digital mass balance was used to measure the production flow 
rate from the vacuum pumped fracture intercept borehole during EGS reservoir flow simulation. 
This particular balance was equipped with serial communications capabilities which allowed for 
continuous measurement of the outflow condensing reservoir’s total mass. A simple LabVIEW 
driver was used to allow for the mass data to be collected and saved for post-test flow rate 
analysis. The flow rate measurement was obtained using an approximation method relating the 
measured reservoir mass and temperature to a fluid density and respective change in stored fluid 
volume. 
Sixth, as a joint research effort, a stand-alone BioSemi spontaneous potential monitoring system 
was used as an experimental flow detection and monitoring tool on a few occasions. Additional 
information on and analysis of the data obtained from this system is forthcoming through the 
efforts of an independent geophysics research group at CSM. 
All acquired data was recorded with time information to enable synchronization between 
measurements. When comparing data between the Micro-II and Lenovo systems, a photograph 
was taken of the two monitoring systems such that the independent system clocks could be 
synchronized. While this is a rough method of synchronization, the resulting accuracy was 
within one second which was considered to be sufficient for analysis. 
3.2 Sample Materials and Testing 
Several different sample materials were used for the simulation of EGS in the laboratory and 
each of these materials was characterized to provide the supporting data needed with predictive 
modeling applications. The selected materials included cement based analogue rock, real 
crystalline rock, and plastic depending upon the primary focus of the given test. Recognizing that 
the laboratory setting allows for monitoring and control of more parameters than is possible in 
field applications, it was important to have supporting material data obtained by repeatable 
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testing methods. Thus, characterization testing for each material was performed closely 
following the relevant ASTM standards when applicable. This section provides information on 
each of the materials used as well as details about the various characterization tests that were 
performed. 
Sample Materials 
The particular sample materials that were selected for laboratory testing included commercially 
available cement grout, custom ultra-high strength concrete, locally available granite, and 
PMMA acrylic. In general, the commercial cement grout was used for preliminary testing 
applications where the goal was to validate the proper operation of the equipment and methods 
used. The ultra-high strength concrete was used as a more homogenous substitute for granite 
where the macro-material properties of the concrete were made to resemble the granite as closely 
as possible. Granite was used as the preferred material for EGS reservoir simulation as its 
properties should be very close to the crystalline hot dry rock reservoirs being targeted for 
potential EGS reservoir applications (Tester et al., 2006). Transparent acrylic glass was used for 
testing hydraulic fracture growth control and proppant injection methods where video was used 
to capture the real-time growth of the hydraulic fracture. Additional details on the sourcing or 
development for selected materials have been provided within this sub-section. 
Locally sourced granite 
Colorado Rose Red Granite, available from the Liesveld Quarry in Lyons, Colorado, was 
selected as the material for laboratory scale simulation of EGS reservoirs. This granite was 
water-jet cut from a shallow mine located on a mountainside so minimal structural damage 
should have been induced during extraction and long term material strain relaxation was 
expected to be negligible. Compared to other extraction methods, water-jet cutting has been 
typically considered as the best method for high-integrity intact sample recovery. Some of the 
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other extractions methods available at other quarries include blasting, percussive drilling, and 
diamond sawing with blasting being the most damaging to the potential sample blocks. Once 
removed from the parent formation, the rock was cut to size using a wet diamond wire saw 
which created smooth precision surfaces on each face of the 30x30x30 cm cubical samples. 
Several precision blocks were obtained as well as rough cut excess material for in-house testing 
of the material properties. A summary of these properties is provided in Table 3.7 which includes 
both in-house data as well as data from previous testing as performed by EMI. Ultimately, the 
Liesveld Quarry was able to provide our project with high quality intact granite samples that 
were suitable for performing simulated EGS experiments. 
Table 3.7: Summary of granite material properties 
Property Average Value Standard Deviation 
UCS (MPa) 152† 19† 
Poisson’s Ratio 0.32† N/A 
Elastic Modulus (GPa) 56.9† N/A 
Density (g/cm3) 2.63† 0.03 
BTS (MPa) 7.5† 1.8† 
NBFT (MPa·m0.5) 0.72 0.26 
Porosity 0.0077 0.0006 
Permeability (μD) ≤1.16 N/A 
Specific Heat (kJ/m3·K) 2063 92 
Thermal Conductivity (W·m-1·K-1) 3.15 0.05 
Shear Wave Velocity (mm/μs) 2.62 N/A 
Compression Wave Velocity (mm/μs) 4.45 N/A 
Dynamic Elastic Modulus (GPa) 44.6 N/A 
Dynamic Poisson’s Ratio 0.23 N/A 
Thermal Expansion Coefficient (K-1) 5.5·10-6 ‡ 1.5·10-6 
† (EMI, 2010), ‡ (Morrell., 2012) 
Concrete materials 
Concretes were used in several applications for this project ranging from triaxial-cell fabrication 
to providing a sample material for EGS testing. In the fabrication of the cell, a commercially 
available grout mix was used to reinforce the supporting legs and as a filler material to provide 
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the reaction surface for the lateral flat jacks. As a sample material, the same commercial grout 
was used for early design validation testing and a custom ultra-high strength low permeability 
concrete was used for more advanced testing including one test at fully confined and heated 
conditions inside the true-triaxial cell. This series of testing with concrete provided valuable 
experience with issues such as borehole seal testing, unconfined hydraulic fracture reorientation 
investigations, and experience with Acoustic Emission (AE) and Spontaneous Potential (SP) 
monitoring. However, these results were secondary to the much more significant progress made 
with testing on granite samples so they have not been made a focus in this work. For reference 
some of the details regarding these materials have been provided in Appendix A. 
Material Testing Sample Preparation 
A fully equipped rock sample preparation lab available at Colorado School of Mines was used 
for the preparation of samples prior to testing. In general, the samples were prepared to meet as 
many relevant ASTM standards as possible. For most cylinder samples, the ASTM D4543 
standard method for triaxial test sample preparation was used (ASTM, 2008). This was 
accomplished with diamond coring, cut-off sawing, hand filing, surface grinding, and table 
sawing with a large 910 mm diameter diamond wet blade. The table saw was used for the final 
stage of cubical concrete sample preparation where the top of the cast sample was cut to produce 
a smooth and flat face. 
Hydraulic Properties Testing 
The hydraulic properties of a target reservoir for EGS stimulation are important parameters for 
estimating energy storage capacity, leakoff rates, and fluid recharge rates. In particular, it was 
very useful to know the permeability and porosity of the reservoir prior to stimulation as these 
values had a significant impact on the leakoff rates and provided a valuable pre-stimulation 
reference point to use when evaluating the effectiveness of a stimulation treatment. 
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Porosity measurement 
To determine the porosity of the materials used in the laboratory, samples with known geometry 
were weighed while saturated and again after drying. Using these two data points allows for the 







=Φ  (3.1) 
where, SM  is the mass of the sample when saturated, DM  is the mass of the sample when dried, 
wρ  is the density of water, and TV  is the total volume of the sample. However, for concrete 
samples, the hydration process is a long term reaction with water that conflicts with the drying 
process. For these samples, an asymptotic approximation method was used where at least four 
data points were collected over several weeks of drying along with their respective times of 
measurement. Using an iterative error reduction method, a best fit asymptotic exponential decay 
curve was fitted to the data to predict the fully dry sample weight. The error term, assumed decay 
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where, iM  and it  are a measured sample mass and respective time of measurement, n  is the 
total number of measurements taken, and A , B , and C  are calibrated constants. The values of 
the three constants were determined using MS Excel Solver to minimize the error term. This tool 
uses a generalized reduction gradient non-linear optimization code (Lasdon et al., 1976) to 
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estimate the optimal value for each constant with the ability to consider some boundary 
conditions as well. An example of a plot produced using this method to estimate the asymptotic 
dry sample weight is shown in Figure 3.14. This value was then substituted into Equation 3.1 to 
obtain a refined estimate of the concrete porosity. With this solution, it was found that the error 
term was significantly reduced if the saturated sample data point was excluded from the data set 
used for the dry sample weight estimation. 
 
Figure 3.14: Asymptotic solution for estimating the dry sample weight. 
Permeability testing 
There are many available methods to measure the permeability of a material in the laboratory 
and the field. Due to the complexity of the interconnected pore, micro-fracture, and macro-
discontinuity networks that allow for fluid conductivity through geomaterials, the measurement 
of permeability is often a rough estimation with an expected order-of-magnitude level of 
accuracy. For this project, a field comparable constant head borehole injection test was used as 
the primary method to estimate the sample permeability. While this test is not as precise as some 
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other available methods such as static permeability testing with a nitrogen permeameter, constant 
head injection into the borehole does allow for drilling damage effects to be included in the 
measurement as well as local flow path effects. Also, to provide some redundancy for this 
measurement, several sample cores have been kept on hand and intact in the event that other 
testing methods are found to be necessary to verify the obtained permeability data. 
Typically, a constant head field pumping test for permeability measurement assumes a radial or 
pseudo-radial flow regime into the target formation rock. For this test, there are two basic 
formulae for calculating the permeability from the pumping rate and corresponding fluid 
pressure data. This first formulation, as provided in Equation 3.5, assumes an unconfined 
reservoir as would exist in shallow systems where the upper bound of the fluid is a pheratic 
surface. The second formulation, as provided in Equation 3.6, assumes a confined reservoir 
where the top and bottom are bound by low permeability materials such as shale or clay (Powrie, 


















































Where, Q is the volumetric flow rate, Dk  is the Darcy permeability, µ  is the fluid dynamic 
viscosity, Pw is the bottom-hole pressure in the wellbore, P is the formation in-situ pore pressure, 
γ  is the bulk weight of the fluid, B is a dimensionless formation volume factor, R is the far-field 
radius of influence, rw is the wellbore radius, and s is the dimensionless skin factor. For these 
equations, it is assumed that all flow is radially outwards so any vertical flow components are 
negligible.  
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However, with the laboratory setup used, these equations are not valid as the geometry is not 
cylindrical, all six faces all have the same potential for leakage, and all faces are subjected to the 
same atmospheric pressure boundary condition. Thus, an approximation model for this system 
was formulated using a finite element derived general permeability solution for a typical 
30x30x30 sample geometry containing a centered vertical borehole. This borehole was modeled 
with a 5.6 mm outside diameter injection interval having a length of 100 mm and a 10 mm 
outside diameter cased borehole interval. An image of this result, produced using Solidworks 
Flow Simulation (SFS) thermal conduction analysis, is provided in Figure 3.15 and the 
respective formula used for the estimation of the sample permeability from test data is provided 
in Equation 3.7: 
 









where, Dk  is the estimated permeability, N  is a finite element derived geometric constant for the 
particular test geometry in units of length, µ  is the fluid dynamic viscosity, QP is the bulk fluid 
flow rate, and P∆ is the pressure difference between the wellbore and the external face of the 
  
 62  
sample. For the given geometry, N can be approximated as 0.204. The full derivation of this 
solution is provided in Appendix C. 
Mechanical Properties Testing 
Several rock material properties were measured to provide supporting information for the 
simulated EGS reservoir stimulation and flow experimentation. Specifically, the uniaxial 
compression strength, tensile strength, and fracture toughness were measured for the various 
EGS sample materials used. Additional details on each specific material property test as 
performed with this project have been provided within this subsection. 
Uniaxial Compression Strength (UCS) testing 
The UCS test is capable of measuring unconfined compressive strength, elastic modulus, and 
Poisson’s Ratio. For this project, UCS testing was performed using an available instrumented 
ELE Accu-Tek 250™ hydraulic load frame while following ASTM D7012 as closely as possible. 
The samples were typically cylinders, either cast or diamond cored, prepared according to the 
ASTM D4543 using equipment available through EMI. Most cylinders were cut with a length to 
diameter ratio of approximately 2.5:1 as this ratio has been found to give more accurate results 
(Mogi, 2007). The most common sample diameter was 38 mm (1.5 in) giving good compatibility 
with the sample grain sizes and the testing machine capabilities.  
In the stock configuration of the ELE load frame, the machine allowed for measurement of the 
loading pressure using a pressure transducer and manual control of the loading rate using a 
throttling valve. A digital display provided indication the calibrated loading force and loading 
rate as measured using the stock pressure transducer. With this standard configuration, the ELE 
load frame was only capable of providing the information needed to measure the ultimate 
uniaxial compression strength of the sample material. 
  
 63  
To allow for the elastic modulus and Poisson’s Ratio to be measured, the load frame was 
instrumented with a secondary measurement system. This system used the portable USB DAQ 
(NI USB-9162) fitted with the multi-function data acquisition module (NI 9219). Using 
LabVIEW software, this device was able to measure the loading pressure with an Omega high-
pressure transducer (PX309-10KG5V) installed tandem with the ELE pressure transducer. To 
measure the axial and lateral sample strains, Omega strain gages were installed directly on the 
samples using the Vishay Micro-Measurements M-Bond AE-10 adhesive system. As a secondary 
measurement of the axial displacement of the sample, an Omega LVDT (LD621-30) was 
installed on the load frame along with a reference surface which was attached to the upper piston 
assembly. An image of the instrumented load frame has been provided in Figure 3.16 where 
machined spacer platens are shown installed inside the machine for calibration purposes. 
 
Figure 3.16: Instrumented ELE Accu-Tek 250™ loading frame. 
Due to the high number of samples to be tested and the high cost of mounting strain gages to 
every sample, a special calibration program was developed to allow for the LVDT to be used 
accurately to measure the sample deflection and calculate the elastic modulus of the material. 
  
 64  
This program, written for MS Excel, allows for the deflection of the ELE load frame to be 
removed from recorded displacement data so that the measured sample deflection can be isolated. 
Also, the program is capable of quantifying the errors generated in the measurement of the 
elastic modulus due to repeatability, instrument precision, noise, changes in the sample geometry, 
and other sources. 
Indirect Tensile Strength (BTS) testing 
The BTS test was used to estimate material tensile strength. This test was performed following 
ASTM D3967 with the previously described instrumented ELE Accu-Tek 250™ load frame. 
While this test is known to be somewhat inaccurate, it allows for quick estimation of the tensile 
strength for brittle materials. 
The samples used for this test were short cylinders, either cast or diamond cored. The nominal 
cylinder length to diameter ratio was 1:1 even though the ASTM standard specifies a smaller 
ratio in the range of 0.45-0.75:1. Recognizing that the BTS measurement is theoretically 
independent of this ratio, as shown in ASTM D3967, this larger ratio of 1:1 was used to 
compensate for the errors induced by the poor resolution of the load frame’s force measurements 
at the smaller loads associated with shorter samples. The nominal cylinder diameter was selected 
to be 38 mm to be consistent with UCS cylindrical sample sizes for concrete pouring purposes. 
In the BTS test, multiple failure points are often observed as a tensile crack is formed and then 
the sample is subsequently crushed. Typically, the first distinguishable failure point is considered 
to be the load inducing tensile failure. Figure 3.17 shows a failure plot generated during a BTS 
tests on an ultra-high strength concrete sample. This plot was generated with a custom MS Excel 
program that automatically identifies local maximums filtering for values larger than any 
previously identified maxima. On this plot, the filled in circle was identified as the most likely 
tensile failure load. Figure 3.18 shows an image of the failed sample after this test was performed. 
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Figure 3.17: Analyzed BTS data plot. 
 
Figure 3.18: Failed BTS sample. 
Notched Beam Fracture Toughness (NBFT) testing 
A simple NBFT was used to estimate Mode-I fracture toughness and to validate AE event source 
characterization methods. Currently, there is no standard for the measurement of the Mode-I 
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fracture toughness in concrete or rocks as fracture mechanics remains an active research field. 
Several different tests and sample types have been proposed in the literature (Jenq and Shah, 
1985, Sakai and Bradt, 1993, Hanson and Ingraffea, 1997, and Al-Shayea et al., 2000) but a four-
point notched beam method was selected due to the greater simplicity of implementation.  
To perform the NBFT, the instrumented ELE Accu-Tek 250™ load frame was used along with a 
custom fabricated four-point loading beam sample holder with a rectangular beam sample 
installed. Figure 3.19 shows an image of the completed beam sample holder. The design of this 
measurement system was loosely based on the beam flexure test for concrete beams as specified 
in ASTM C78. Using the four-point loading system, as compared to a simpler three-point 
loading scheme, provided the benefit of generating a pure bending moment region in the 
proximity of a notch cut in the bottom face of the sample. In this central region, as shown in 
Figure 3.20, beam theory is expected to dominate over shear region effects because the line 
loading points have been separated by a span distance greater than twice the depth of the beam. 
Generally, the shear region, or D-Region as specified in the ACI 318-08 concrete code, is 
considered to be dominant within one depth distance from any load application point or support 
reaction. 
 
Figure 3.19: Image of the NBFT loading platens. 
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Figure 3.20: Beam loading diagrams for the four-point loading method. 
Before testing, the beam was prepared to have smooth perpendicular faces with precise 
tolerances and a cut notch of known dimensions across the bottom face of the beam. The notch 
was cut using a carbide hacksaw and a fixed blade guide with depth control. This notch served as 
a fracture initiation point to allow for the estimation of the fracture toughness of the material 
using linear elastic fracture mechanics theory. At failure, the Mode-I fracture toughness, KIC, was 
calculated using the well known Equation 3.8:  
 aYK IC πσ=  (3.8) 
where, Y is a geometric constant specific to the given loading conditions, σ  is the applied 
regional tensile stress, and a is the initial crack opening length. With a constant moment loading 





















































Y  (3.9) 
where, the geometric variables are shown in Figure 3.21 and η  is defined by Equation 3.10. Also, 
the regional stress can be easily calculated from the applied moment, M, according to beam 
stress theory with Equation 3.11 (Dudynas, 1999). 
  










=σ  (3.11) 
 
Figure 3.21: Definition of variables for Mode-I fracture toughness calculation. 
Thermal Properties Testing 
For the characterization of the material thermal properties, the key parameters as applicable to 
EGS reservoir analysis were found to be specific heat capacity, thermal conductivity, thermal 
expansion coefficient, and thermal diffusivity. The details for the testing procedures used to 
measure each of these parameters have been provided within this subsection. 
Specific heat capacity measurement 
A simple insulated calorimeter, as shown in Figure 3.22, was used for the measurement of 
specific heat capacity. For this measurement, samples were heated inside a 105 ºC convection 
oven to a steady state equilibrium temperature and then quickly transferred to a cold 23 ºC water 
bath inside of the calorimeter. Applying continuous mixing, the resulting temperature rise in the 
water bath was monitored until a steady equilibrium condition was achieved. The resulting 
temperature changes were monitored and recorded using the portable DAQ system and Type-T 
resin coated thermocouples. The final calculation of the specific heat was performed using 
Equation 3.12 or for the volumetric specific heat Equation 3.14 was used: 
  































where, Cp is the mass-specific heat of the sample, wρ  is the density of water at the initial bath 
temperature, wV  is the volume of water in the calorimeter, pwC  is the mass-specific heat of water 
at the median bath temperature, eqT  is the equilibrium temperature, 0wT  is the initial bath 
temperature, 0sT  is the initial sample temperature, sm  is the mass of the sample, sV  is the 
volume of the sample, and vC  is the calculated volumetric specific heat of the sample. The 
temperature-dependent water reference values for specific heat were interpolated from 
standardized water tables (Borgnakke and Sonntag, 2009 and Engineering Toolbox, 2012). 
 
Figure 3.22: Simple insulated low-temperature calorimeter. 
Thermal conductivity measurement 
To measure the thermal conductivity of the material, a divided bar apparatus managed by the 
Colorado Geological Survey was used (Macartney and Morgan, 2011). With this testing 
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apparatus, as shown in Figure 3.23, small cylindrical samples with nominal dimensions of 25 
mm diameter by 15 mm long were subjected to a steady state heat flux while the temperatures 
were measured at four separate locations as diagrammed in Error! Reference source not found.. 
For a given sample, the measured temperatures and respective sample thermal conductivity 
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TrefT κκ  (3.16) 
where, R is a temperature ratio, T values are point temperatures measured as shown in Figure 
3.24, A and B are iteratively optimized calibration constants, ref designates a value measured for 
a sample with a known thermal conductivity, L is the sample length, r is the sample radius, and 
Tκ  is the sample thermal conductivity value. To solve this system of equations for samples with 
unknown thermal conductivity values, calibration tests were performed using precision 
crystalline quartz and fused silica samples which were high quality materials with predictable 















=⋅⋅ −−κ  (3.18) 
where, FQ designates fused quartz, CQ designates crystalline quartz, and T is the mean test 
temperature in units of ºC. For the estimation of the calibration constants, an iterative approach 
was used where Equation 3.16 was used to back calculate the thermal conductivity of the known 
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samples and obtain an error term as the difference between the calculated value and the known 
value. In this instance, the calibration terms were optimized using Solver in MS Excel such that a 
minimum error would occur during back calculation. Effectively, this procedure allowed for 
compensation for linear contact resistance effects as well as proportionality effects. Alternative 
approaches were also available (Antriasian, 2010 and Beardsmore and Cull, 2001) but not 
applied. 
 
Figure 3.23: CGS divided bar apparatus. 
 
 
Figure 3.24: Diagram of the divided bar system for measuring thermal conductivity. 
Thermal expansion coefficient measurement 
Due to issues with time constraints, thermal expansion coefficient measurements have not yet 
been performed for the materials being used for this research project. However, the planned 
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measurement method will involve mounting strain gages to sample materials and a reference 
material with a known coefficient of thermal expansion. With this method, the error induced in 
the strain measurement due to changes in the gage resistance with temperature may be 
compensated for to get a more accurate measure of the true material strain. The basic process for 









α  (3.19) 
where, Tα  is the thermal expansion coefficient, sε  is the measured thermal induced sample 
coupon strain, and gε  is the induced change in the gage strain measurement due changes in the 
gage resistance with temperature. A more detailed description of the method this test was 
modeled after is available from Vishay Micro-Measurement’s Tech Note TN-513-1 (2010). 
Thermal diffusivity 
The thermal diffusivity parameter was estimated using a numerical approach rather than a direct 
measurement. In this case, the parameter was directly calculated using its definition as provided 







α =  (3.13) 
where, Dα  is the thermal diffusivity constant, ρ  is the density of the sample material, Tκ  is the 
thermal conductivity, and vC  is the volumetric specific heat capacity. 
Acoustic Properties Testing 
Multiple acoustic properties were measured as required for the application of acoustic emission 
(AE) monitoring in real-time micro-seismic event source location and hydraulic fracture 
monitoring. In general, measurements of the shear wave (S-wave) velocity and compression 
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wave (P-wave) velocity were taken to allow for the characterization of the dynamic elastic 
modulus and the dynamic Poisson’s ratio as material properties. Also, on a per-sample basis, 
auto-sensor tests were used to characterize the acoustic velocity profile and acoustic wave 
attenuation properties of the material. For this document, focus has been given to the general 
materials testing methodology because a complete description including the testing required for 
full AE characterization of the individual samples would be outside the scope of this work. For 
additional details regarding this full series of testing, refer to previously published works 
regarding this project (Hampton et al., 2012). 
Dynamic wave speed measurement 
To measure the P and S wave speeds, an ultrasonic pulse testing apparatus available through the 
Colorado School of Mines Center for Rock Abuse was used. This apparatus uses two 
piezoelectric transducers to transmit and receive an ultrasonic pulse through a cylindrical sample 
prepared according to ASTM D4543. The pulse transmission is registered as a trigger on an 
accompanying oscilloscope allowing for the measurement of the P and S wave travel time 
through the sample. Using the measured dimensions of the sample, the wave speeds can be easily 
calculated using Equation 3.14 where waves&  is the wave speed, wavet∆  is the wave travel time, and 
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Dynamic property calculation 
When the P and S wave velocities have been measured for a given sample, the dynamic elastic 
modulus and Poisson’s Ratio can be calculated using Equations 3.15 and 3.16 respectively 
(Economides and Nolte, 2000). 
  


























=ν  (3.16) 
Where dE  is the dynamic elastic modulus, PV is the P-wave speed, SV  is the S-wave speed, and 
dν  is the dynamic Poisson’s Ratio. 
Post-Test Cross Section Analysis 
After a sample is hydraulically fractured, cross-section analysis would typically be performed by 
taking cores and cuts from the sample block. Initially, wet diamond coring was performed 
concentric with the injection borehole to remove the steel casing and get a first look at the 
fractures within the near wellbore region. From this core, the fracture orientation could be 
determined, as shown in Figure 3.25. On this core, the fractures may be identified as the dark 
colored wetted lines which consistently dried slower than the non-fractured surface area. This 
information was then used to decide the best orientation for cutting cross-sections from the main 
block. The typical choice was to perform cutting perpendicular with the vertical axis in order to 
inspect fracture reorientation effects, check for multiple fracturing, and locate fracture extents. 
 
Figure 3.25: Cored injection borehole showing orientation of the stimulated fractures. 
In addition to a visual surface inspection, the core was cut into cross-section discs to investigate 
the near wellbore region of the fractures. The nominal thickness of each disk was 20 to 25 mm to 
allow for a reasonable resolution to be achieved for this stage of investigation. According to the 
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literature, it was expected that hydraulic fractures at the injection interval would intersect the 
borehole along the majority of the length with possible extensions along the cased interval length 
as well. It has been assumed that this phenomenon takes place due to near wellbore stress effects 
(Fisher, 1994, Wijers et. al., 1994). A diamond cutoff saw available through the Colorado School 
of Mines Earth Mechanics Institute was used for this process as shown in Figure 3.26. Wet 
sawing was used to mitigate the production of silicate dust, a material with significant potential 
health risk. It is well known that silica dust is a causing agent for the deadly silicosis respiratory 
disease when inhaled. 
 
Figure 3.26: Diamond cutoff saw used for core slicing and cylinder sample preparation. 
A large diamond table saw with a 90 cm diameter blade was used to perform the cross-section 
cutting for the large 30x30x30 cm samples. The slices were cut at a nominal spacing of 25 mm 
with an approximately 3-4 mm thick section of material removed by the blade with each cut. An 
image of the saw used is provided in Figure 3.27 with an example cut as shown in Figure 3.28. 
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Figure 3.27: Diamond table saw used for cross-section cutting. 
 
Figure 3.28: Example cross-section showing a complex fracture network. 
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3.3 EGS Reservoir Simulation Procedures 
The hydraulic fracturing procedure used in the laboratory was designed to be comparable with 
previous experimental work, field data, and common modeling methods. Achieving a high level 
of procedure similarity with historical testing allows for more direct comparisons with existing 
data as well as the application of current hydraulic fracturing theory and analysis methods. Thus, 
the following experimental procedures were utilized for simulating an EGS reservoir in the 
laboratory using the equipment and sample materials as described earlier in this chapter. 
Pre-test Procedures 
1. Prepared and instrumented the 30x30x30 cm cubical sample with the full set of 
thermocouples, strain gages, and pre-fracture documentation photographs. 
2. Installed the sample into the true-triaxial cell, assembled all of the cell components, and 
hooked up all sensors to their respective data acquisition systems. 
3. Applied minor isotropic sample confining stresses of 0.6 MPa (100 psi flatjack pressure) 
to set the sample into position and close tolerance gaps. 
4. Increased the cell temperature towards the target set point at an average rate no faster 
than 10 ºC/24 hr and allowed for a period of temperature equilibration. 
5. Applied the desired target confining stresses with increments proportional to the target 
stress and no greater than 0.61 MPa (100 psi) for a single axis at a time. 
6. Located the desired injection borehole alignment and drilled the upper uncased interval 
using size X (10.08 mm) rotary bits for steel cutting, 3/8” (9.52 mm) rotary-hammer 
rebar cutting bits for the steel-sample interface, 3/8” (9.52 mm) rotary-hammer SDS-plus 
masonry bits through the sample to the desired depth for the cased interval, and the 
orientable drill press for control and support. 
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7. Cleaned the borehole with compressed shop air and installed the epoxy-grouted threaded 
borehole casing into the sample being careful not to bond the tubing to the steel platen or 
true-triaxial cell lid. 
8. After allowing for a 24 hr cure, drilled the uncased fracturing interval to the target depth 
using a 7/32” (5.6 mm) rotary-hammer SDS-plus masonry bit. Note: no drilling mud or 
coolant was used during this drilling process as borehole stability was not expected to be 
an issue. 
Hydraulic Fracturing Procedures 
9. Cleaned the borehole again with compressed shop air, filled the borehole with fracturing 
fluid, connected the fluid injection system, and performed purging and bleeding 
operations as needed. Note: a maximum pumping pressure of 2000 kPa was used for 
most bleeding procedures. 
10. Performed a combined leak test and injection permeability test using a set constant 
pressure of 2000 kPa. 
11. Performed constant flow rate injection without proppant in the system until breakdown 
was observed. 
12. Continued pumping according to the schedule provided in Table 1.1 while using real-
time source location data as a reference for the approximate fracture geometry. 
13. When a fully contained reservoir was desired, immediately stopped pumping, or even 
temporarily reversed the pump flow rate, at the end of the scheduled pumping time or 
when AE locations appeared to be approaching the boundaries of the sample. 
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14. Collected pressure falloff data for at least 1 hour with a preferred time of more than 24 
hours. 
Reservoir Completion Procedures 
15. Analyzed the AE source location data to obtain an estimate of the fracture location and 
geometry. 
16. Located a desired fracture intercept trajectory for the production borehole with the goal 
of maximizing the probability of attaining a successful intercept. Note: the probability of 
attaining an intercept was influenced by uncertainty in the fracture position, borehole 
drilling tolerances, and the angle of attack between the borehole orientation and the 
expected alignments of the fracture surface. 
17. Drilled the intercept borehole along the target alignment to a nominal depth of 25 mm 
past the expected fracture intercept location while also keeping the production borehole 
tip within the confines of the sample. 
18. Performed at least one stepped pressure test with fracturing fluid injection and a 
maximum pressure set below that required for continued fracture extension or reopening. 
19. Swabbed the borehole with clean white absorbent paper to attain evidence of a successful 
intercept through a positive recovery of fracturing fluid. 
20. Using the average flow rates obtained from the stepped pressure testing and the borehole 
swab, an evaluation of the connection effectiveness was performed and if the 
communication was found to be too low a reopening stage was performed following a 
procedure very similar to those used for hydraulic fracturing. 
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21. Repeated the stepped pressure testing and fracture reopening stages until a positive 
indication of hydraulic connection was attained. Note: the fracture geometry was 
expected to change during this time so close monitoring of AE source location was still 
required to ensure confinement. 
Reservoir Characterization Testing 
22. With positive indication of hydraulic communication between the injection and 
production boreholes, the fracturing fluid was purged from the hydraulic system and 
replaced with the reservoir flowing fluid, typically being water or brine. 
23. Performed stepped pressure, constant flow rate, and stepped flow rate tests to characterize 
the pressure-flow response of the reservoir. 
24. Performed long term continuous constant flow tests, typically exceeding 1 hour each, to 
attain the equilibrium state hydro-thermal reservoir response characteristics. 
25. Performed any additional experimental reservoir improvement tests desired along with 
subsequent reservoir characterization tests as required for analysis and evaluation. 
Post-Test Procedures 
26. Deactivated heater system, bled off confining stress pressures, and allowed sample to 
return to the unconfined room temperature state. 
27. Removed sensor cables, removed true-triaxial cell top lid, and elevated main cell body 
from the bottom lid with 100 mm steel spacers. 
28. Removed the sample whole from the cell using the Enerpac RCS101 hydraulic jack and 
steel spacers. 
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29. Cored the sample block to remove steel borehole casings and cut cross-sections using a 
diamond table saw. 
30. Performed post test analysis of the cut sample block. 
Experimental Techniques for EGS Reservoir Improvement 
Several new techniques for improvement of EGS reservoir performance were experimented with 
during this project. In general, these new techniques included performing multiple fracture 
reopening stages and applying high-pressure dynamic pressure pulses. Acknowledging that a 
complete discussion of the principles governing each of these techniques is outside of the scope 
of this document, primary focus will be given to the methodologies used and the results which 
have been obtained. 
The use of fracture reopening and re-stimulation stages provided the benefit of improving 
hydraulic connectivity between wellbores, inducing alterations in the fracture aperture and 
geometry, and possibly reducing near wellbore tortuosity or stimulating new reoriented hydraulic 
fracture growth (Wolhart et al., 2007). To perform a re-stimulation or reopening, constant flow 
rate injection was used following the typical hydraulic fracturing procedure as provided on Page 
78. For the injection fluids, reopening procedures performed just after initial fracturing 
treatments would most likely be performed using oil and once the system was switched to water 
for flow testing, water would be used there on after. This method was preferred as additional oil-
water emulsions in the hydraulic system and the sample material pores added unwanted 
complexity to the system. 
With dynamic pressure pulses, the incompressible properties of fluid allow for the rapid 
transmission of high pressures to multiple areas of a saturated fracture such that a unique 
downhole treatment condition may be attained and improvements to the fractured reservoir may 
potentially be achieved. The dynamic pulse treatment was performed by pressurizing the 
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upstream hydraulic system independently from the downstream injection borehole followed by 
opening a valve to allow for rapid pressure communication between the two systems. During this 
process, the pumping is ceased once the target pressure is reached such that very little fluid 
movement should occur once the valve is opened. However, some fluid movement is expected 
and unavoidable as the internal flexure of the hydraulic components and the compression of any 
trapped or dissolved gasses act as an energy storage mechanism. With this procedure, it is 
expected that the stimulated sample receives a high pressure pulse of fluid, significantly 
exceeding the minimum fracture breakdown and extension pressures, for a brief time such that 
any extension that does occur should be very minimal. While the full process and resulting 
effects of this technique are unknown and difficult to quantify, its application at the laboratory 
scale has been found to be highly effective at reducing fracture flow friction losses and thereby 
reducing pumping pressure requirements.  
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CHAPTER 4 
RESULTS AND DISCUSSION 
During this project, many hydraulic fracturing tests, flow tests, and subsequent analysis have 
been performed for the simulation of EGS reservoirs as well as the development of the 
equipment used for this purpose. These laboratory hydraulic fracturing treatments have been 
performed on ten different boreholes, in four different materials, and using three different 
injection fluids. As many of these tests were performed simply to validate the proper operation of 
the equipment being used, focus will be given to the most recent test series in which an EGS 
reservoir was successfully simulated in granite and one preceding unconfined granite reservoir 
test series. The results from these two test series were found to be exceptional as the full 
compilation of methods used allowed for a fresh look at this long studied topic and the 
observation of some very interesting hydraulic fracturing phenomena.  
4.1 Unconfined Granite Reservoir Test 
In an effort to validate that the chosen borehole sealing method would retain high injection 
pressures, a hydraulic fracture stimulation test was successfully performed on an unconfined 
rough cut granite sample. After the fracturing treatment, the sample was subjected to a series of 
fracture flow tests, the drilling of an intercept borehole, and some new experimental reservoir 
improvement techniques. Post-test, a cross-section analysis was performed to investigate the 
geometry of the stimulated fractures. During these tests, pressure, flow rate, temperature, 
acoustic emission, and spontaneous potential data were all collected to allow for an effective 
analysis of the stimulated fracture as well as the validation of the procedures used. Ultimately, 
the experience gained during these tests was crucial for the successful simulation of an EGS 
reservoir at fully confined and heated conditions. 
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Test Setup 
For this reservoir test, a sample of Colorado Rose Red Granite having rough dimensions of 
30x30x24 cm was fractured using SAE 80W90 oil and subjected to flow testing with tap water 
and oil. Some images of this sample are provided in Figure 4.1 where the AE and SP sensors are 
shown installed onto three of the faces of the block. The post-test image on the right was taken 
after the drilling of both the centered vertical injection borehole and the oriented fracture 
intercept borehole, shown in the background and foreground respectively. The depth of the cased 
interval for the injection borehole was measured at 101 mm and the total borehole depth was 
measured at 152 mm, giving a 51 mm long uncased fracturing interval located near the center of 
the sample. For the fully uncased 10 mm diameter fracture intercept borehole, the drilled 
orientation and depth were selected referencing the AE source location data obtained during 
fracturing. Additional details on this procedure are provided later in this section and material 
property information was provided in Section 0. 
  
Figure 4.1: The unconfined granite sample during fracturing (left) and at the end of testing (right) 
with oil staining marking the surface intercepts of the stimulated fractures. 
Pre-fracture 2000 kPa Constant Pressurization 
Prior to the hydraulic fracturing treatment, the sample was subjected to a 15 minute 2000 kPa 
constant pressure oil injection test which allowed for an estimation of the sample permeability to 
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be obtained. Applying linear regression analysis to the associated pump volume data allowed for 
a 74.8 nL/min average flow rate to be estimated. For this particular test, the system appeared to 
have reached equilibrium for the last 30% of the duration, so only this portion of data was used 
for the flow rate regression. Applying the permeability estimation method as detailed in 
Appendix C, the effective permeability of the injection borehole was found to be approximately 
1.16 μD ± 3%. A plot of the data used for this analysis is provided in Figure 4.2. 
 
Figure 4.2: Pre-test unconfined granite 2000 kPa constant pressure analysis plot. 
Primary Hydraulic Fracturing 
The first fracturing treatment for this sample was performed using oil at an injection flow rate of 
0.05 mL/min. This flow rate was selected based upon the theoretical rates required for the 
development of a controlled hydraulic fracture, as provided in Table 1.1. Due to the observed 
complexity of the real-time data, the treatment was continued for 14 hours rather than the 5 to 10 
minutes theoretically needed for fully contained fracture growth. This long duration provided 
experience to allow for improved interpretation of the real time data such that breakdown events 
could be more readily identified from other fluctuations. Also, by forcing the fracture to 
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penetrate to the edges of the sample the orientation of the stimulated fractures could easily be 
observed through surface expressions, as shown in Figure 4.3, and only a minimal risk of 
continued fracture propagation would exist during subsequent flow tests with water. 
 
Figure 4.3: Stimulated fractures observed on the surface of the sample. 
When the beginning of the acquired pressure-time data set was inspected, as shown in Figure 4.4, 
it was observed that the first breakdown event occurred at an injection pressure of 33.1 MPa and 
the maximum test pressure was reached quickly afterwards at a pressure of 49.4 MPa. Both of 
these pressures were significantly higher than the predicted breakdown pressure of 6.1 MPa 
obtained using basic hydraulic fracturing theory as applied to this particular stress condition. 
While the -82% error of this prediction was somewhat alarming, it is likely that the unconfined 
isotropic stress state and the uncased type fracturing interval may have been significant factors in 
causing such a high breakdown pressure to occur. With these conditions, no significant 
preexisting deviatoric stresses were expected in the proximity of the borehole so there was also 
no preferred fracturing orientation by linear elastic fracture mechanics theory. Therefore, it is 
reasonable to infer that transient permeable leakoff of the injected fluid had established a 
significant local pore pressure gradient during borehole pressurization such that attaining a 
critical fracture condition was inhibited and a higher actual breakdown pressure was the result. 
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It is worth noting that this high breakdown pressure phenomenon was repeatedly observed 
throughout this project with other unconfined tests and materials. For example, in the case of 
hydraulic fracture testing with unconfined medium strength cement samples, one test with a 
successful borehole seal gave an observed breakdown pressure of 12.8 MPa while theory 
predicted breakdown at only 2.5 MPa giving an error of -80%. 
 
Figure 4.4: Beginning of primary hydraulic fracture in unconfined granite. 
Continuing with the treatment, numerous distinct breakdown events with typical peak pressures 
of less than 33.2 MPa were observed after the first major breakdown event, as shown in Figure 
4.5. The inconsistency of each event indicated that the fracture geometry was constantly 
changing throughout the injection process and that the heterogeneity of the sample material had a 
significant influence on this process. While this data was difficult to interpret directly, the steep 
nearly-linear slopes of each distinct pressure rise did seem to share some similarity with the 
initial pressure rise of the treatment. This behavior suggested that at least one of the following 
behaviors may have been occurring: 
• Stimulated fractures were alternatively opening and closing 
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• Entirely new fractures were being stimulated 
• Unstable leakage was occurring at the intersection between the fractures and the sample 
surface 
Ultimately, a steady state flow condition was not achieved with oil so the injection fluid was 
changed to water for flow testing applications. 
 
Figure 4.5: Pressure-time plot for primary hydraulic fracture in unconfined granite. 
Drilling the Fracture Intercept Borehole 
After the unconfined granite sample was hydraulically fractured, an oriented fracture intercept 
borehole was drilled. A geometric analysis of the AE source location data obtained during 
fracturing, as shown in Figure 4.6, was solely referenced when selecting an optimal fracture 
intercept alignment. With this method, the available data was filtered by correlation coefficient 
in order to isolate the AE events with the highest source location certainty and the resulting data 
was analyzed to identify the most likely fracture location and orientation. Using this estimated 
geometry, an alignment was selected for the intercept borehole which allowed for a high 
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probability of achieving an intercept as well as a significant length of intersection. The chosen 
alignment is shown in Figure 4.6 where the open 10 mm diameter oriented intercept borehole 
was drilled with a vertical angle of 15º and a length of 150 mm. 
 
Figure 4.6: Unconfined granite primary fracture surface as estimated with AE data. 
Flow Testing 
With the stimulated binary borehole system completed, the hydraulics system was purged of oil 
and filled with tap water for reservoir flow testing purposes. Initially, a constant 2000 kPa 
pressure injection test, as illustrated in Figure 4.7, was performed to attain a sub-critical flow rate 
reference point where no new fracture generation or extension would be expected. Applying 
constant pressure permeability analysis to this data gives an effective reservoir permeability of 
0.33 μD ± 0.3%. Noting that this stimulated permeability was found to be less than the predicted 
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value from pre-fracture testing, it is evident that longer equilibration times were needed to obtain 
an accurate measurement of this value when injecting oil. This error source is readily apparent 
when taking another look at Figure 4.7 where it is evident that the system had not yet stabilized 
sufficiently as indicated by the lower R-squared value at 0.83 as compared to 0.999. However, a 
comparison of the post-stimulation measured permeability with the typical range of values for 
intact igneous rocks of 0.01 to 1.0 μD (Freeze and Cherry, 1979) reveals that the presence of the 
unpropped hydraulic fractures provided only a minor increase in the effective permeability of the 
sample material. 
 
Figure 4.7: Post-stimulation unconfined granite 2000 kPa constant pressure analysis.  
Next, an 8000 kPa constant pressure injection test was performed to obtain an upper limit for the 
sub-critical flow rate range with the results as shown in Figure 4.8. The 8000 kPa target for this 
test was selected referencing the minimum critical-extension pressure of 9120 kPa as estimated 
from the hydraulic fracturing test data. During this test, an effective permeability of 5.04 μD ± 
0.2% was observed making it apparent that the stimulated fracture conductivity was pressure 
dependent where an increase to the injection pressure resulted in a greater effective permeability. 
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At the time of this test, no significant AE activity was observed so continued fracture generation 
and propagation were not expected to be a factor in causing the observed increase in conductivity. 
It may also be noted that there was a disturbance in the data set at about 8 minutes into the test 
which suggested a sudden change in flow path likely caused by additional pressure dependent 
sub-critical fracture opening. 
 
Figure 4.8: Post-stimulation unconfined granite 8000 kPa constant pressure analysis. 
Applying the same analysis one step further with a constant flow rate injection of 1.0 mL/min 
validates the observation of a pressure dependent fracture aperture. For this test, the effective 
permeability was estimated at 8.77 μD ± 1% which was notably higher than that attained with an 
average flow rate of closer to 0.5 mL/min at 8000 kPa. However, it was important to note that a 
different system behavior was observed such that the pressure response was far less consistent 
with flow rate control than the flow rate response when using pressure control, as shown in 
Figure 4.9. With flow rate control, the reported error term, representing the 65% confidence 
interval for the reported permeability value, was dominated by uncertainty in the average 
pressure rather than uncertainty in the flow rate which was significantly better known being the 
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control variable. It is also important to note that this test was the only test which was found to 
successfully produce fluid within the fracture intercepting production borehole. This last 
observation was particularly concerning when considering that binary borehole flow was a key 
requirement for successful EGS reservoir simulation testing. Post-test cross-section analysis later 
revealed that the production borehole did successfully intercept the fracture over a significant 
portion of its length which only added uncertainty about the cause of this poor flow response. 
 
Figure 4.9: Post-stimulation unconfined granite 1.0 mL/min flow rate testing. 
To unify all of these tests and obtain information on repeatability, a series of step-pressure and 
step-flow tests were performed. Figure 4.10 is provided to show the typical step-pressure test 
data plot where it may be observed that steady state conditions were not always reached. At 
steady state, the pressure and flow rate curves within a given step should be parallel with the 
time axis but this was not typically observed even when using longer time intervals for each step. 
However, this non-steady state condition is believed to be due to the actual flow behavior 
through a hydraulic fracture, rather than simple experimental error or using too short of injection 
time intervals, as this same phenomenon has also been observed during standardized API testing 
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for hydraulic conductivity through propped fractures (API, 1989). The realization of this 
phenomenon has resulted in the withdrawal of the related 15-60 minute RP 61 standard for 
propped hydraulic fracture conductivity measurement in preference for a much longer 50-hour 
test which consistently produces lower hydraulic conductivity measurements that are considered 
to be closer to actual field estimated values. In general, the permeability is expected to decline 
with increasing flow time. 
 
Figure 4.10: Stimulated unconfined granite step-pressure plot example. 
When plotting the corresponding averaged pressures and flow rates on the same curve, as shown 
in Figure 4.11, it is clear that these two terms have a non-linear relationship but are repeatable 
with only minor hysteresis. Each data point on this curve represents the average values attained 
using the same methodology applied for the earlier constant flow rate and constant pressure tests. 
When fitting a single curve to the whole data set, a power curve was found to produce a 
reasonable R-squared coefficient but seemed to significantly misrepresent the higher flow rate 
data. Thus, a more complex pressure-dependent flow rate relationship is expected to exist within 
mixed matrix-fracture flow networks both in the laboratory and the field. 
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Figure 4.11: Pressure and flow data plot for unconfined granite test post-stimulation. 
Comparison of Pressure and Flow Rate Control Methods 
With the desire to gain additional insight into the fracture flow characteristics of the stimulated 
unconfined granite sample, a series of 17 different water flow tests were performed. These tests 
included the use of several different control mechanisms including constant pressure (CP), 
constant flow (CF), stepped constant pressure (SCP), and stepped constant flow (SCF) control 
schemes. For comparison purposes, the compiled results from each of these tests have been 
provided in Figure 4.12 where the averaged near-steady state data is plotted. For this analysis, 
only the final 30% of each test stage was used for averaging as this portion of the data 
consistently displayed good stability with time. 
As can be seen in the compiled data plot in Figure 4.12, the pressure-flow response did follow a 
consistent non-linear behavior with the best in-test repeatability observed when using pressure 
control methods. Figure 4.13 displays the very consistent pressure-dependent flow rate response 
and corresponding hysteresis effects for two different SCP tests. It is expected that the observed 
hysteresis is due to pressure-time dependencies of fracture aperture where the previous fracture 
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pressure has a significant effect on the accessed flow paths. Comparing the two tests, it is 
uncertain why test 11 displayed consistently higher flow rates than test 3 especially when 
considering that test 3 was performed with shorter 5 minute duration steps while test 11 was 
performed with longer 15 minute intervals. Thus, the pressure-flow rate response of a fracture 
network with a known single-phase fluid appears to be dependent on previous pressure, variant 
dominant flow paths, changes in fracture geometry, laminar versus turbulent flow, and other 
uncertain effects. 
 
Figure 4.12: Compiled post-fracture pressure-flow response averaged data. 
Estimating the effective system permeability from the obtained data, the corresponding plot 
provided in Figure 4.14 was obtained. With this plot, the permeability calculation provides for 
normalization of the dataset assuming a linear Darcy relationship between permeability, pressure, 
and flow rate. As seen on the resulting plot, there appears to be two different flow regimes 
occurring during these tests with a pressure dependent transition point marking the boundary 
between them. In both tests, this transition point seems to exist somewhere between 1000 and 
5000 kPa. While the reason for this behavior is still uncertain, this observation raises some 
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questions about the validity of assuming a linear relationship between pressure and flow rate 
through fractured porous media. This particular assumption is used in both Darcy flow theory 
and parallel plate flow theory as discussed in Chapter 3. 
 
Figure 4.13: Unconfined granite SCP test comparison with different flow durations used. 
 
Figure 4.14: Unconfined granite SCP effective permeability with pressure. 
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With flow rate control, the system response was much less consistent, especially when the 
corresponding system pressures were less than 5000 kPa. For this series of tests, several different 
pre-pressures were utilized as it was quickly found that this parameter had a significant effect on 
the early stages of pressure response where low flow rates were used and matrix leakoff 
dominated the system. As shown in Figure 4.15, there was evidence of pressure history 
dependence of the data when comparing the results obtained with test pre-pressurizations of 500, 
2000, and 4000 kPa. To better represent the low flow rates, a corresponding log-flow plot is 
provided in Figure 4.16. On the log-flow plot, it was observed that the mechanism influencing 
the pressure response transitioned from leakoff dominated to injection rate dominated at a flow 
rate of approximately 0.001 mL/min. In consequence, the most consistent pressure-flow 
relationship between the SCF tests appears to only exist within the decreasing flow data where 
the pressure history effects are minimized. 
 
Figure 4.15: Unconfined granite SCF data comparison. 
Typically, due to pressure-history dependence, the permeability-normalized SCF data appears 
very chaotic but does allow for another look at the estimated 1000 to 5000 kPa transition point as 
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observed with the SCP data. Using the resulting plot as shown in Figure 4.17, it appears that the 
anticipated range of this transition point is closer to 500 to 1500 kPa. Thus, this point is likely to 
be marking the critical pressure for fracture reopening. On this topic, it is important to recognize 
that this reopening pressure remains well below the critical pressure required for continued 
fracture growth. 
 
Figure 4.16: Unconfined granite SCF comparison log-flow plot. 
 
Figure 4.17: Unconfined granite SCF effective permeability versus pressure. 
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Flow Test Repeatability 
To strengthen confidence in the repeatability of this data and to better understand it, the 1.0 
mL/min pressure-flow data was analyzed. Comparing obtained 1.0 mL/min constant flow rate 
data, the plot provided in Figure 4.18 confirms the expected relationship of decreasing effective 
permeability with flow duration (API, 1989) which was also observed within individual trial test 
data as shown in Figure 4.19. However, this plot also suggests an unexpected characteristic 
where this permeability decrease with time is not permanent as illustrated through the numbered 
data points indicating the order of testing. More specifically, when focusing on the 60 minute 
duration test data, a permanent permeability reduction with total flow time would predict 
sequentially increasing pressure response with consecutive tests but this data shows that the 
pressure response was variant having both decreases and increases observed between 
consecutive tests.  Thus, it may be possible to maintain higher permeability flow in hydraulic 
fracture networks through invoking dynamic pressure-flow oscillations. If this observation is 
field scalable, it could have significant implications for improving the productivity of wells. 
 
Figure 4.18: Plot of measured pressure gradient versus flow duration. 
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Figure 4.19: Typcial 1.0 mL/min constant flow rate test pressure response showing decreasing 
permeability with time. 
Experimental Flow Improvement Technique: High-Pressure Pulse 
After thoroughly testing the pressure-flow behavior of the stimulated hydraulic fracture network, 
an experimental low-volume high-pressure pulse technique was tested. With this technique, a 75 
MPa pulse was induced into the saturated hydraulic fracture network in order to allow for rapid 
dynamic transfer of pressure to all areas of the accessed fracture at a single time. In principal, 
this procedure utilizes the incompressible properties of water to bypass kinetic pressure losses 
with flow, permeable fluid leakoff into the formation, and the near-static state of stress that 
occurs during typical hydraulic fracturing treatments. Also, the magnitude of the pulse was 
intentionally made to be much greater than the achievable pressures with constant rate injection 
during traditional hydraulic fracture treatments such that short-lived super-critical fracturing 
states could be achieved.  
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To apply this procedure, the upstream Teledyne Isco syringe pump was pressurized 
independently of the injection line with a closed needle valve between them. After a pump 
pressure of 75 MPa was reached, the connecting valve was opened allowing for nearly 
instantaneous contact between the two hydraulic volumes and the transmission of an over-
pressure shock wave into the stimulated fracture volume. During this process, the pump was 
stopped before opening the valve to minimize the volume of fluid transfer to the system. In effect, 
the only transferred volume was that required to compress any air bubbles or cause elastic 
expansion within the upstream hydraulic components. The resulting hydraulic plot for this 
process is provided in Figure 4.20.  
 
Figure 4.20: Unconfined granite high-pressure pulse test data plot. 
Unfortunately, the corresponding AE and downstream pressure data were not recorded during 
this test so the only available data for analysis was the upstream hydraulic pump data which had 
a resolution of only 1 Hz. Thus, not much analysis of this data was possible beyond noting that 
the entire pressure drop of 74.1 MPa occurred in less than 1 second. 
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Nonetheless, the effective permeability of the stimulated sample was found to have been 
significantly increased by this process. Comparing the 1.0 mL/min constant flow test data just 
before and after the pressure pulse stimulation, the effective permeability of the stimulated 
sample was found to have increased by a factor of 15.2, from 8.07 to 122.7 μD respectively. This 
substantial increase validates the concept of using high-pressure dynamic pulsing as tool to 
improve the hydraulic fracture stimulation process. 
With the new hydraulic characteristics of the stimulated sample, additional CF and SCF tests 
were performed to evaluate the stability of the new network. The resulting pressure-flow data is 
provided in Figure 4.21 and Figure 4.22. From these plots, it is evident that the fracture 
reopening pressure was significantly reduced to approximately 80 kPa from the earlier estimated 
500 to 1500 kPa. This drop may be due to a substantial decrease in the near wellbore tortuosity 
effects and increased shear breakage along the fracture alignments increasing the effective 
fracture apertures and decreasing roughness. 
 
Figure 4.21: Unconfined granite pressure-flow response after pulse-pressure treatment. 
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Figure 4.22: Unconfined granite pressure-log flow response after pulse-pressure treatment. 
Two-Phase Fluid Flow 
With the substantially increased fracture conductivity, SAE 80W90 oil was reintroduced to the 
system in an attempt to investigate mixed-phase flow and high-viscosity flow effects. For this 
investigation, the borehole and hydraulic system was purged, refilled with oil, and bled to 
remove ant air. Next, a series of three SCP tests were performed producing the resulting data as 
shown in Figure 4.23. During these tests, the pressure response was found to steadily increase as 
more of the fluid stored within the sample fracture network and pore spaces was replaced with 
high-viscosity oil. This produced significant hysteresis in the resulting data as well as a visible 
staging effect between each test. Thus, the resulting data suggests that viscous flow resulted in 
different steady state fracture apertures with different resulting flow paths as pockets of water 
appear to be intercepted even after most of the fluid in the original dominant flow paths should 
have been removed. 
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Figure 4.23: Unconfined granite two-phase flow data. 
Overall Consolidation and Comparison of Unconfined Granite Test Data 
A comparison of all flow test data collected for this experiment, as shown in Figure 4.24 and 
Figure 4.25, suggested that three distinct regions of fluid flow do exist within hydraulic fracture 
networks subjected to pressurized fluid injection. First, at low pressures there appears to be a 
closed-fracture matrix-dominated flow mode. Second, it is possible to achieve a transitional 
pressure state with sub-critical pressure injection such that fractures are opened allowing for 
significantly increased fracture conductivity. Third, at and above the critical injection pressure, 
hydraulic fractures continue to propagate especially when using high viscosity injection fluid to 
overcome any leakoff effects. Additionally, the flow paths within the fractures are expected to be 
variant with pressure and channeling flow effects existing within the fractures. With channeling, 
high velocity and low velocity flows may exist within a given fracture and may have close 
proximity to each other. This phenomenon is especially important when short circuit flow effects 
are a concern in EGS fracture networks. 
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Figure 4.24: Summary plot of flow testing on unconfined granite. 
 
Figure 4.25: Logarithmic summary plot of flow testing on unconfined granite. 
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Post-Test Cross-Section Analysis 
After flow testing, the unconfined granite sample was cored and cut into cross-section slabs to 
allow for physical measurement of the stimulated fracture dimensions. The 50.8 mm diameter 
core was drilled coaxial with the injection borehole to remove the steel casing and obtain an 
initial estimate of the hydraulic fracture orientation. From the core, it was evident that the 
hydraulic fracture had at least two nearly vertically oriented wings so the subsequent cross-
sections were cut perpendicular to the borehole axis in order to determine the extents and 
curvature developed within these wings. In total, the sample was cut into 9 pieces where each 
cross-section was typically 25 mm thick with an estimated 4 mm of material lost due to the 
thickness of the diamond blade used for cutting. Lastly, the core itself was also sliced to better 
investigate the near wellbore fracturing region and determine the points of origin for each 
stimulated fracture.  
An image of the first slice taken from the sample, having a nominal 25 mm depth of 
investigation, is provided in Figure 4.26. In this cross-section, it was apparent that at least five 
fracture wings had developed with at least three wings being dominant. This coincides well with 
the observed surface expressions during stimulation and flow testing where leakage was 
observed from three different faces. In addition, staining of the rock matrix allowed for the 
estimation of a typical 10 to 25 mm oil permeation depth achieved during fracturing and 
injection. This significant depth indicated that the granite material had sufficient inter-granular 
flow potential to allow for fluid leakoff effects so the assumption of an impermeable material in 
modeling applications would not be completely valid. This observed oil permeation depth also 
assisted in understanding the large scatter of AE event locations during stimulation where it was 
now expected that permeated oil caused localized inter-granular breakage away from the 
coalesced fracture surfaces. 
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A three-dimensional model of the stimulated fracture network, as shown in Figure 4.27, was 
developed using compiled cross-section data and photogrammetric dimensional analysis. From 
this model, it was apparent that at least 10 coalesced fracture wings had been stimulated from the 
uncased borehole injection interval. All of these wings were found to be vertically oriented with 
the exception of one fracture pair which was found to propagate at an inclined angle through the 
entire sample. Of the 10 stimulated wings, only 4 were found to be dominant and having related 
surface expressions. The raw cross-section images used to perform this analysis have been 
provided in Appendix D for reference. 
 
Figure 4.26: Unconfined granite sample cross-section at 25 mm depth. 
Comparing the high level of fracture network complexity seen in this model to the hydraulic data 
collected during stimulation, shown in Figure 4.27 and Figure 4.5 respectively, it is likely that 
some relationship exists between these two data sets. In particular, there seems to be a 
relationship between the number of major pressure rise-drop events and the number and structure 
of the fracture wings developed. While admittedly biased by the knowledge obtained from the 
cross-section analysis, it may be possible to link the observed fractures to the pressure data 
according to the prominence of the pressure peaks and the linearity of the pressure rises. Also, it 
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may be possible to qualitatively link the identified pressure drops with corresponding fracture 
geometries using a maximum likelihood approach with AE data and observed surface 
manifestations as a reference. 
 
Figure 4.27: Unconfined granite three-dimensional fracture network model. 
A closer inspection of the fracture geometries also revealed some of the grain scale means by 
which the fracture propagated through the heterogeneous crystalline granite material. A summary 
of the observed fracture geometry types is provided in Table 4.1. It is very possible that 
additional information about each observed type of fracture propagation could be obtained 
through an even closer scale inspection such as thin section or microscope studies. However, in 
the interest of EGS reservoir simulation, this additional study was not performed as it was not 
critical to achieve the main project goals. 
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Table 4.1: Types and descriptions of observed grain scale fracture propagation. 
Type Description Image Diagram 
Normal 
Pseudo-homogenous propagation with 




Fracture tip stopped at the boundary of an 





A local fracture offset with minimal overlap 





Continuous fracture propagation through an 




Fracture propagation around a grain where 





An identifiable gap in a macro fracture plane 
with evidence of micro-scale fluid 
permeation across the median. 
  
4.2 Fully Confined and Heated EGS Reservoir Simulation 
To achieve the primary research goal of simulating an EGS reservoir in the laboratory, a granite 
sample was loaded into the heated true-triaxial cell, hydraulically fractured, drilled with an 
intercept borehole, and subjected to flow testing. Initially, traditional hydraulic fracturing 
methods were unable to create a producing reservoir but an experimental high-pressure pulse 
technique was applied with high success. Through flow testing analysis, significant thermal fluid 
recovery rates were achieved and pressure-dependent flow behavior was characterized. The data 
collection systems allowed for a detailed and unique look at all reservoir processes throughout 
the entirety of the reservoir simulation. Collected data included steady state thermal drawdown 
temperatures, hydraulic conductivity information, material strain response, and continuous 
monitoring of AE activity data. Ultimately, the successful simulation of an EGS reservoir in the 
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laboratory and an analysis of the resulting data provided new insight into preferred EGS 
reservoir design and stimulation methodologies. 
An overview of the testing stages and the respective dates and times of each test performed 
during these stages has been provided in Table 4.2 and Table 4.3. The important related results 
and discussion about these events has been provided following a similar chronology within this 
section. The dates were provided for querying purposes from the three month long data set. 
Table 4.2: EGS fracture test chronology part 1. 
General Stage Event Start Date 
Sample loaded into true-triaxial cell 06/05/12 19:30 
Sample heating 06/06/12 12:00 
Confining stresses applied to the sample 06/10/12 18:00 
Cased borehole interval drilled and installed 06/13/12 17:30 
Test Setup 
Uncased borehole interval drilled 06/15/12 12:00 
Constant 2000 kPa injection test: attempt 1† 06/15/12 14:00 Pre-Fracture 
Constant 2000 kPa injection test: attempt 2 06/15/12 16:00 
Fracturing at 0.05 mL/min: attempt 1† 06/15/12 14:30 Fracturing 
Fracturing at 0.05 mL/min: attempt 1 06/15/12 16:30 
Intercept Drilling Drilled the fracture intercept production borehole 06/22/12 17:00 
Constant 2000 kPa injection test 06/23/12 13:30 
Constant 3000 kPa injection test 06/23/12 15:00 
Flow Testing 
Constant 4000 kPa injection test 06/23/12 17:00 
Reopening at 0.05 mL/min: stage 1† 06/23/12 17:00 
Constant 4000 kPa injection test† 06/23/12 19:30 
Step pressure test #1† 06/23/12 20:30 
Step pressure test #2† 06/24/12 08:00 
Step pressure test #3† 06/24/12 20:00 
Step pressure test #4† 06/25/12 09:30 
Step pressure test #5 06/25/12 10:30 
Reopening #1 
Step pressure test #6 06/26/12 21:00 
Reopening at 0.05 mL/min: stage 2 06/27/12 07:30 
Step pressure test #7 06/27/12 12:00 
Reopening #2 
Step flow test #1 06/27/12 17:30 
Constant 0.05 mL/min water flow test 06/28/12 13:30 Water Flow Testing 
Constant 0.10 mL/min water flow test 06/28/12 16:30 
Power failure in building 07/02/12 10:30 Intermission 
Second prolonged power failure 08/02/12 02:00 
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Table 4.3: EGS fracture testing chronology part 2. 
Sample reheating 08/22/12 13:30 Reloading 
Confining stresses reapplied 08/26/12 11:00 
Stepped continuous-constant-flow (CCF) test 08/26/12 11:30 
Constant 2000 kPa injection test 08/26/12 18:30 
Step pressure test #8 08/26/12 20:00 
Constant 2000 kPa injection test 08/27/12 10:00 
Step pressure test #9 08/27/12 11:30 
Step pressure test #10 08/27/12 15:00 
CCF 0.05 mL/min water flow test 08/27/12 19:00 
CCF 1.0 mL/min water flow test with swabbing 08/28/12 11:30 
Constant 2000 kPa pressurization 08/31/12 15:30 
Step pressure test #11 08/31/12 16:30 
Step pressure test #12 09/06/12 08:30 
Step pressure test #13 09/07/12 09:30  
Water Flow Testing 
Step pressure test #14 09/07/12 16:05 
Pressure Pulse Test Single 65000 kPa low-volume pulse test 09/08/12 14:00 
Step pressure test #15 09/08/12 14:30 
Step pressure test #16 09/10/12 09:30 
CCF 0.5 mL/min test 09/11/12 10:00 
CCF 1.0 mL/min test 09/12/12 09:00 
CCF 3.0 mL/min test 09/18/12 09:30 
Water Flow Testing 
CCF 5.0 mL/min test 09/19/12 09:30 
† Test performed with known leaking fitting. 
Test Setup 
For this EGS reservoir simulation experiment, a fully-instrumented 30x30x30 cm granite sample, 
as shown in Figure 4.28, was installed into the true-triaxial cell and slowly heated to a target 
temperature of 50 ºC. When thermally equilibrated, confining stresses were applied to the sample 
to achieve a final principal stress state of 12.8, 8.6, and 4.3 MPa for the vertical, maximum 
horizontal, and minimum horizontal axis respectively. At full temperature and confining stress, a 
centered vertical injection borehole was percussively drilled into the sample to attain a 107 mm 
deep cased interval and a 74 mm long uncased interval, for a total depth of approximately 181 
mm. With this borehole configuration and an expected tensile strength of 6.1 MPa for the granite 
(EMI, 2010), the corresponding theoretical breakdown pressure was estimated to be 10.4 MPa.  
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An 8-day compilation of the temperature and confining pressure data is provided in Figure 4.29, 
where the incremental temperature steps and initial cell pressurization may both be observed. 
Also, as evident in this plot, some issues did exist with maintaining constant cell confining 
pressures as there was a steady pressure loss with time due to inaccessible leakage from the flat 
jack system. However, the leakage rate was found to be low enough that the resulting effects on 
the fracturing process were found to be minimal and easily compensated for using the real-time 
digital measurements of these pressures. For the vertical confining stress, which did not have an 
associated digital measurement, leakage was observed to be negligible when referencing the 
manual dial gages such that this stress was consistently held at 12.8 ± 0.2 MPa. 
 
Figure 4.28: Fold-out diagram of EGS granite sample prior to testing. 
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Figure 4.29: EGS simulation sample heating and pressurization. 
Pre-Fracture 2000 kPa Constant Pressurization 
Once the sample was equilibrated at temperature and full confining stress, a 60-minute duration 
2000 kPa constant pressure oil injection test was performed in an attempt to estimate the 
effective permeability of the sample prior to fracturing. However, under these conditions, the 
resulting steady-state volume-derivative flow rate was estimated to be -39 ± 2 nL/min with a 
respective R-squared coefficient of 0.38. Thus, no direct estimate of the effective permeability of 
the sample could be obtained prior to execution of the fracturing treatment. For reference, a plot 
of the hydraulic data obtained during this test has been provided in Figure 4.30 where the very 
low steady-state flow rate may be easily observed. Future laboratory permeameter testing would 
be required to obtain a better estimate of this property. 
For this particular sample, a second constant pressurization test was performed after a partial 
pressurization of the sample at constant 0.05 mL/min injection. During this test, a steady state 
flow rate of -128 ± 1 nL/min was estimated with a corresponding R-squared coefficient of 0.93, 
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as shown in Figure 4.31. Thus, this flow rate was also unusable for estimating permeability as it 
indicated transient-state backflow of fluid from the pressurized sample into the borehole rather 
than steady-state outflow. 
 
Figure 4.30: Pre-fracture EGS granite 2000 kPa constant pressure analysis plot. 
 
Figure 4.31: Second pre-fracture EGS granite 2000 kPa constant pressure analysis plot. 
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Primary Hydraulic Fracturing 
The hydraulic fracturing treatment for the EGS reservoir sample was performed in two separate 
0.05 mL/min constant flow stages, as shown in Figure 4.32. During the first stage, significant 
leakage was observed from a hydraulic fitting used to allow for bottom-hole temperature 
measurement. Therefore, to maintain the goal of hydraulic data integrity, the test was stopped 
before fracture initiation and the leaking port was plugged at the sacrifice of bottom-hole 
temperature measurement. An inspection of the associated AE activity data also confirmed that 
no hydraulic fracture breakdown event had occurred.  
 
Figure 4.32: EGS hydraulic fracture breakdown plot. 
The second fracture stage was completely successful having a brittle breakdown event observed 
simultaneously with a peak in AE activity. An analysis of the resulting pressure data indicated an 
approximate pressure peak at 18.1 MPa, a comparable value to the theoretically predicted 10.4 
MPa breakdown pressure. Thus, with a true-triaxial anisotropic stress state the experimental 
breakdown pressure was found to be significantly closer to the predicted value than the related 
unconfined granite test performed at an isotropic state, having errors of -43% and -82% 
  
 116  
respectively. These observations suggest that an improvement of the accepted linear elastic 
fracture mechanics approach for predicting and interpreting hydraulic fracture breakdown 
pressures may be required for treatments performed in permeable rock or loaded with near 
isotropic stress conditions. Additional investigation into this phenomenon would require 
significantly more testing and support from modeling results, both of which were regrettably 
outside the scope of this project. 
To create a fully confined hydraulic fracture, the real-time hydraulic fracture growth was 
monitored using AE source location and the pumping was stopped shortly after breakdown as 
observed AE events approached the boundary of the sample. With continued growth towards the 
edge of the sample observed even after pumping was stopped, the flow rate was briefly reversed 
in order to force closure of the fracture and minimize additional extension. The use of this 
technique caused a rapid decrease in injection pressure but did not completely stop continued 
fracture growth as evident with continued but lessened AE activity once the pump was stopped.  
A second reverse flow stage was used to complete the forced closure process such that growth 
was fully stopped as indicated by the cessation of significant AE activity. After closure, a 
pressure rebound was observed presumably due to backflow of stored pressurized fluid from the 
fracture and connected pore spaces into the injection borehole. This rebound behavior provided 
an early confirmation for the development of a fully confined fracture as any fracture rupturing 
to the surface would be expected to display a much less significant pressure rebound. Additional 
confirmation of a fully contained fracture was also obtained during subsequent injection and 
reopening procedures performed as discussed later. A detailed view of the second fracture event 
pressure-flow data and the corresponding observed AE source locations are provided in Figure 
4.33 and Figure 4.34 for reference. On the AE data plot, the fracture geometry appears to be 
mostly single wing and opening perpendicular to the minimum principal stress, plotted as the x-
axis in this figure. 
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Figure 4.33: EGS sample hydraulic fracture breakdown plot. 
 
Figure 4.34: AE source locations during EGS sample hydraulic fracturing. 
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Additionally, a small but measureable pressure dependent external strain response was observed 
on all sensors at a nearly uniform rate excluding a particularly high stress region near a top 
corner of the sample, as shown in Figure 4.35. This response indicated a general increase in 
surface compressive stress with increasing injection pressure as would be expected from a 
theoretical fluid dynamics perspective. In particular, the known pressure gradient between the 
injection borehole and the atmospheric pressure boundary of the sample could only exist as long 
as the sample material provided an equal and opposing mechanical stress response. Then, just 
after breakdown, a tensile strain response was observed in the face centered strain gage 
measuring parallel with the maximum horizontal stress. This indicated a reversible flexure of the 
sample occurring with pressure-dependent opening of the fracture. If proppant were introduced 
at this critical time, the reversible nature of this effect would likely be reduced as closing would 
be inhibited by the intruding particles.  
 
Figure 4.35: Hydraulic fracture sample strain response. 
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Intercept Borehole Drilling 
An analysis of the AE data collected during fracturing allowed for the selection of an optimal 
alignment for the fracture intercepting production borehole, as shown in Figure 4.36. With this 
approach, the collected AE data was filtered for high-amplitude high-correlation events such that 
a single dominant fracture wing located perpendicular to the minimum horizontal confining 
stress was identified. Applying a smoothed cubic surface interpolation function to the data 
allowed for the extents and position of the fracture to be approximated for use in determining the 
optimal fracture intercept alignment. With this information, an oriented borehole drilled at 30º 
from the vertical was selected and positioned as shown in Figure 4.36, with the primary goal of 
achieving a positive intercept, secondary goal of minimizing stress concentration effects, and 
tertiary goal of maximizing intercepted area to increase the probability of achieving good 
hydraulic communication with the injection borehole. The production borehole was drilled along 
this alignment at 10 mm open diameter to a length of approximately 252 mm inside the sample. 
A preliminary swab of the borehole after drilling provided a positive indication of a successful 












Figure 4.36: EGS production borehole alignment with AE estimated fracture geometry. 
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Preliminary Flow Testing 
With the simulated EGS reservoir now completed, preliminary flow testing was performed with 
oil as the injection fluid and constant pressure control. The resulting data, as shown in Figure 
4.37, initially appears to indicate that the fracture was flowing at a small rate but this was later 
found to be unreliable due to new leakage observed through the replacement bottom hole 
temperature measurement port which had been installed into the hydraulic system after 
completing the fracturing tests. Between each pressure stage, the borehole was swabbed to check 
for fluid production but no additional oil was successfully recovered, indicating that no 
significant connection existed through the fracture. No additional analysis of this data has been 
performed due to leakage invalidating the measured flow rate data. At the time of this test, the 
thermocouple port was constructed from a low-cost machined stainless steel hydraulic plug with 
a threaded and epoxy sealed thermocouple passing through it. As the second unsuccessful 
iteration of this port design, a more standardized and highly reliable system was later 
implemented using a stainless steel sheathed 3.175 mm (1/8”) thermocouple probe and high-
quality Autoclave compression fittings. 
 
Figure 4.37: Post-fracture stepped constant pressure testing of the EGS reservoir. 
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First Fracture Reopening and Extension Treatment 
To improve the hydraulic connection between the injection and production boreholes, an 
experimental multi-stage fracture reopening and extension method was implemented. For this 
procedure, oil was injected into the sample at a 0.05 mL/min constant flow rate until a peak 
pressure reopening event was observed. After reopening, the flow was continued until real-time 
AE source location activity was observed to be nearing the boundaries of the sample. At this 
time, the flow rate was stopped without using flow reversal for forced closure techniques. In 
application, this process closely resembled the initial hydraulic fracturing procedure but followed 
a more traditional methodology where additional analytical techniques such as G-function falloff 
analysis could be applied to the resulting dataset. The non-typical element of this technique was 
simply the time allowance for pressure equilibration in the sample before the application of the 
additional fracturing stage.  
For the first reopening performed, the peak pressure was realized at 15.4 MPa with a less brittle 
breakdown than initial fracturing and a brief pressure rebound shortly after reopening, as shown 
in Figure 4.38. During this test, significant new AE activity was observed along with new 
fracture extension dominated by the development of a second fracture wing. At the end of this 
test, the new fracture wing was estimated to have a comparable extent with the initial fracture, as 
seen using the AE source location data shown in Figure 4.39. Thus, this treatment resulted in the 
completion of a bi-wing fracture structure which allowed for a more direct relationship with the 
common hydraulic fracture modeling and analysis techniques which typically assume symmetric 
bi-wing fracture geometries (Warpinski et al., 1994). In the analysis of this data, it is important to 
note that the leak-prone thermocouple hydraulic fitting was still being used at this time and 
leakage from this port was not confirmed until some time after this particular reopening 
treatment. The increased plasticity in the breakdown event was likely influenced by both the 
reopening of the fracture and the rupture of the seal at the thermocouple port. Due to this 
uncertainty in the hydraulic data, no additional analysis of this particular event was performed. 
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Figure 4.38: First EGS fracture reopening event. 
 
Figure 4.39: First EGS reopening AE source location plots. 
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After the first reopening treatment, a series of constant pressure and stepped constant pressure 
injection tests were performed to characterize the hydraulic flow properties. During these tests, 
the borehole was swabbed to check for hydraulic communication but the only positive indication 
inter-borehole flow was recovered just after the reopening treatment. Therefore, additional 
treatment stages were found to be necessary for establishing an effective hydraulic connection 
between the two boreholes. 
Second Fracture Reopening and Extension Treatment 
A second fracture reopening treatment was performed using the same techniques as the first and 
with the same objective of improving inter-well hydraulic connectivity. However, the hydraulic 
system was modified by replacing the bottom-hole temperature measurement port with a solid 
plug to resolve the known leakage issues which had occurred during the first reopening test. As 
seen in the resulting hydraulic data plot, provided in Figure 4.40, this second reopening had a 
more brittle breakdown event with a higher pressure peak at 17.4 MPa. At the same time, the 
geometry of the fracture appeared to be mostly unchanged except for some additional extension 
towards the boundaries of the sample, as shown in Figure 4.41.  
Recognizing the small 3.9% decrease in breakdown pressure between the initial fracture 
treatment and the second reopening event effectively verifies that hydraulic fracture scaling 
criterion were successfully met during this test. As discussed in the literature, a good scale model 
of a hydraulic fracturing treatment requires a sufficiently low fracture toughness to confining 
stress ratio such that initial and reopening breakdown pressures are similar and repeatable 
(Johnson and Cleary, 1991). Thus, these repeatable pressure peaks indicated that the fracture 
toughness effect was acceptably minor in comparison to the applied confining stress, induced 
pore pressure, and other readily scalable effects. In general, the observation of low fracture 
toughness effects in field treatments may be attributed to the dominance of reopening events 
rather than virgin fracture generation events. 
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Figure 4.40: Second EGS fracture reopening event. 
 
Figure 4.41: Second EGS reopening AE source location plots. 
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After this reopening test, a borehole swab successfully recovered a significant amount of oil 
within the production borehole indicating that an improved hydraulic connection had been 
successfully established. Following this observation, another stepped constant pressure test was 
performed for comparison with the previously collected data. A summary of the data obtained 
from this analysis is provided in Figure 4.42 where a significant improvement in the flow 
response may be observed comparing the data before and after the second reopening treatment. 
After this treatment, the flow response became much less chaotic such that a positive change in 
flow rate was consistently observed with increasing pressure. This behavior change indicates a 
transition from unsteady pore fluid flow to fracture dominated flow similar to that observed 
during unconfined granite flow testing.  
  
Figure 4.42: Step pressure injection test summary for EGS reopening 1 and 2. 
Investigating the AE source location data for this test revealed that the final fracture geometry 
had likely intercepted the edge of the sample. Thus, assuming stimulated fracture containment 
within the sample was no longer valid and a significantly increased fluid loss rate was now 
expected during water flow testing. While not ideal for geothermal reservoir production, this 
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condition is commonly expected for field applications of EGS (Swenson et al., 1999) so the 
resulting simulated reservoir and flow data were expected to remain directly relatable to full 
scale field applications. 
Inter-Borehole Hydraulic Connection Verification 
With positive evidence for successful inter-borehole hydraulic connection, the fluid injection 
system was purged of oil and refilled with tap water to perform water flow testing with the goal 
of verifying that a sustainable connection had been achieved. Two long duration constant flow 
rate water injection tests were performed with the resulting data plotted in Figure 4.43 and Figure 
4.44. As seen in the first 0.05 mL/min flow rate test data plot, the initial peak pressure was 
observed to be significantly reduced from 17.4 MPa with oil to only 5.1 MPa with the lower 
viscosity water injection. At this time, only minor AE activity was observed and the unsteady 
pressure response was expected due to the two-phase flow occurring inside of the oil bearing 
hydraulic fracture system. As the oil was purged from the fracture, the pressure response was 
found to net increase with time. When increasing the flow rate to 0.1 mL/min, the initial peak 
pressure was found to be slightly higher at 7.0 MPa but sustained average pressures were found 
to be nearly identical at 6.36 and 6.38 MPa calculated using the final 30% of the 0.05 and 0.10 
mL/min flow rate tests consecutively. Assuming 100% water saturation of the fractures, the 
effective permeability of the reservoir was estimated to be 0.41 to 0.78 μD for the low and high 
flow rate tests respectively. 
The borehole swabs taken in conjunction with these tests indicated an initially minor flow of oil 
into the production borehole followed by a more significant flow of water. Thus, it was expected 
that the oil was slowly purged out of the fracture with continued fluid injection and this may 
have significantly influenced the pressure response in both tests, adding unquantifiable 
uncertainty to the estimated permeability values. 
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Figure 4.43: EGS reservoir 0.05 mL/min water flow test. 
 
Figure 4.44: EGS reservoir 0.1 mL/min water flow test. 
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Intermission and Reloading 
After this initial set of flow tests was completed, the sample was kept at heated and confined 
conditions in anticipation of new equipment that was on order to allow for measurement of 
bottom-hole injection fluid temperatures without leakage issues. However, a sustained 7 hour 
power loss to the laboratory resulted in a loss of all sample heating as well as a significant 
portion of the confining pressures from thermal contraction. At the time of the power loss, the 
16-channel NI 9213 temperature measurement module was temporarily transferred to the NI 
USB-9162 equipped portable netbook system which allowed for partial capture of the cell 
temperature decline rate as shown in Figure 4.45. While the total sample temperature decline was 
only about 5.0 ºC over 5 hours, the respective loss of confining pressures was much more 
substantial. 
 
Figure 4.45: Cell temperature decline during power loss event. 
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While unloaded, several improvements were implemented to the experimental equipment 
including the application of upgrades to the hydraulic system, addition of fire brick insulation 
around the cell to assist in uniform temperature control, and completion of upgrades to improve 
thermal conduction between the electrical heater elements and the cell. When completed, these 
improvements allowed for the full specifications to be successfully met, as detailed in Section 
3.1. 
With the installation of the new leak-free bottom-hole temperature probe, the sample was 
returned to full temperature and confining pressure. With the addition of the insulating bricks, 
this process was much more time efficient and required a lower temperature differential between 
the heater elements and the target temperature, as shown in Figure 4.46. Also, a direct confining 
stress-strain response is visible with each incremental increase to the target temperature, 
confirming the importance of heating before adding full confining stress. A plot of the 
corresponding sample strain is provided in Figure 4.47 where a nearly uniform response was 
observed during heating along with the failure of SG 11. 
 
Figure 4.46: EGS sample reheating and re-pressurization plot. 
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Figure 4.47: EGS sample strain response during reheating. 
Additional analysis of the strain response during re-pressurization has been provided in 
Appendix E. In general, it was found that the sample strain was acceptably uniform during this 
test but improvements would be beneficial. 
Continued Flow Testing 
Continued flow testing though the simulated EGS reservoir was able to provide information on 
injection borehole thermal drawdown, pressure-dependent flow rate response, and rough 
estimates of produced fluid recovery rates but also demonstrated that the hydraulic connection 
between the two boreholes was not significant enough to successfully validate EGS technology. 
In total, five continuous constant flow rate (CCF) injection rates, seven SCP, and three 2000 kPa 
CP tests were performed with borehole swabbing used as the most successful fluid production 
rate estimation technique. 
Comparing the constant pressure controlled test data, provided in Figure 4.48, it was apparent 
that the pressure-flow rate response was very consistent and repeatable even when significantly 
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surpassing the 4.1 MPa minimum confining pressure. As with the unconfined fracture flow 
testing, the hydraulic conductivity was found to decrease with increasing flow time due to non-
permanent effects. Adding to this concept, two different scales of SCP tests were performed with 
one scale utilizing 5 steps from 1.0 to 6.0 MPa and the second scale having 11 steps from 0.5 to 
10.0 MPa. In both tests, the duration of each step was set to 30 minutes but the tests performed 
with the larger step count and having a longer total flow time indicated consistently lower 
conductivity values. Thus, this new data indicates that it may be possible to maintain higher flow 
rates through fractured media in the long term with periodic flow stoppage or reversals but not 
simply through periodic flow rate changes. 
 
Figure 4.48: Compiled pressure and flow rate data for completed EGS reservoir. 
Adding the CCF data to this analysis produces a slightly different perspective on the pressure-
dependent flow behavior of the stimulated EGS reservoir. As shown in Figure 4.49, the CCF 
controlled conductivities seem higher and are also typically longer duration than the respective 
pressure controlled test data. Thus, with flow rate control, it appears that the equilibrium 
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condition is achieved at a much slower rate. This observation indicates that significantly different 
steady state criterion may occur with flow rate controlled injection than with pressure control. 
 
Figure 4.49: All flow test data fore completed EGS reservoir. 
An inspection of the bottom hole temperature decline from the zero-flow steady state condition 
was used to produce the plot provided in Figure 4.50. From this plot, it appears that the 
magnitude of the thermal drawdown may be considered as a cubic function of flow rate with 
acceptably good accuracy when a constant temperature boundary condition can be assumed. 
However, with the low flow rates used in this system, a significant portion of the fluid heating 
was found to occur inside the borehole before the fluid could contact the fractured interval. Thus, 
for an effective thermal analysis of the fracturing interval itself, higher flow rates and modeling 
compensation for in borehole heating effects would be required. These techniques have not yet 
been applied to this dataset in the interest of time and relevance to the project scope. 
Recognizing that thermal fluid production was a primary goal for this research project as 
required for validating the potential of EGS technology, a CCF test was performed at a high flow 
rate of 1.0 mL/min over an interval of 11.5 hours with periodic measurements of the produced 
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fluid volume. During this test, the fluid recovery rate was insufficient to allow continuous 
borehole pumping for produced flow rate measurement so a simple borehole swabbing technique 
was used instead. With this technique, swatches of dry paper were inserted into the production 
borehole to recover the water that had collected in the borehole since the previous measurement. 
Then the water saturation of these paper pieces was visually compared to reference swatches 
soaked with measured volumes of water. While this technique was admittedly rudimentary, it 
was found to be more accurate than mass balance referencing due to damaging of the paper 
swatch during insertion into the borehole and the frustratingly low volumes of fluid recovered, 
having a typical value of 0.05 to 0.2 mL/30 min.  
 
Figure 4.50: Thermal drawdown as a function of average injection flow rate. 
Using this approach, hydraulic flow and thermal decline data plots were produced as shown in 
Figure 4.51 and Figure 4.52. On these plots, the changeover between the active 65DM Teledyne 
Isco syringe pumps is clearly visible as a periodic disturbance in the data set. Also, each borehole 
swabbing event is clearly visible in the temperature plot as the production borehole 
thermocouple was removed and replaced with each measurement. 
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Figure 4.51: EGS reservoir 1.0 mL/min test temperature response. 
 
Figure 4.52: EGS reservoir 1.0 mL/min test with manual flow measurement. 
From these results, it was found that the production rates were insufficient for achieving the 
primary goal of validating EGS technology as a viable energy production concept. Therefore, it 
was decided that a high pressure pulse treatment would be applied to this system in an attempt to 
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improve hydraulic connection between the injection and production borehole. Also, the 
extremely low production rates obtained with this system emphasized the importance of selecting 
saturated and pressurized reservoir rock systems for potential EGS targets. It is expected that the 
addition of pore pressure capability to this experimental equipment would allow for the use of 
net-neutral or net-negative pressure injector-producer schemes, rather than the current net-
positive pressure scheme. With a more favorable pressure profile, the dominant fluid 
transportation mechanism could be engineered to be towards the production boreholes rather 
than into the surrounding media, resulting in substantially higher injected fluid recovery rates. 
Meanwhile, in the current net-positive pressure experimental system, the fluid recovery rate was 
found to be less than 0.3% which successfully confirmed that a hydraulic connection had been 
established between the injection and production boreholes but without a sufficient flow capacity 
to obtain a usable recovery rate. 
High Pressure Pulse Stimulation 
An experimental high pressure pulse treatment was performed with the intent of achieving better 
inter-borehole hydraulic conductivity and higher fluid production rates. In this case, the 
treatment was performed using an isolated upstream pre-pressure of 65.0 MPa and a very similar 
methodology to the previous experiment as performed on unconfined granite. The resulting 
hydraulic data and strain response plots have been provided in Figure 4.53 and Figure 4.54 
respectively. In the hydraulic data plot, measured at 1 Hz sampling rate, the upstream and 
downstream pressures were measured separately to allow for an improved representation of the 
process where the pulse arrival time and magnitude could be assessed as well as the time of 
equilibration. In this case, the bulk of the treatment was found to occur in less than 2 seconds. 
Following the pulse, a typical pressure falloff period was observed with a steady decline in 
pressure observed with time as the fluid approached an equilibrium pressure state. It is important 
to note that only two pressure data points were captured during the pulse itself.  
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Figure 4.53: Pressure pulse treatment hydraulic data plot. 
 
Figure 4.54: Pressure pulse treatment strain response. 
Inspecting the strain data, measured at a effective rate of 50 Hz, it is evident that the majority of 
the material deformation response had occurred within the first 0.4 seconds after the start of the 
treatment, indicating the successful transfer of a dynamic pressure pulse through the entire fluid-
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rock system. Also, a significant portion of the material strain response was found to be 
permanent, as indicated by the offset between the starting and ending strain measurements. Next, 
checking the positions of the strain gages and the sign of their responses, as illustrated in Figure 
4.55, suggests that the fracture response was first to open along the entire length and then widen 
mostly around the proximity of the borehole. In this state, significant dilatational effects were 
possible allowing for permanently increased fracture aperture with the majority of the effects 
occurring near the wellbore, greatly reducing near-wellbore pressure losses. In effect, the 
rapidity of pulse treatment was expected to cause the majority of the hydraulic conductivity 
improvements observed during post-pulse flow testing. 
 
Figure 4.55: Pressure pulse strain response showing centralized fracture opening. 
To estimate the injected flow volume for the high pressure pulse treatment, the pressurization 
data for the isolated pump and hydraulics system was analyzed to obtain an empirical equation 
for stored volume as a function of pressure. As shown in Figure 4.56, at the time of the pressure 
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pulse test the stored pump volume as a function of pressure could be approximated by Equations 
4.1 and 4.2. 
 
Figure 4.56: Plot of pump storage volume as a function of pressure. 
 ( ) ( )MAXMINpulse PVPVV −=  (4.1) 
 ( ) 85.6710529.410517.7 5211 +⋅−⋅= −− PPPV kPamL  (4.2) 
where, pulseV  is the estimated injected fluid volume with the pressure pulse in units of mL and P 
is the upstream pump pressure in units of kPa. While the difference calculation does negate the 
volume-axis intercept value of this equation, this term has been included to acknowledge that 
this pressure-volume function is dependent on the absolute stored pump volume where other 
absolute storage volumes could result in different curve constants. Analyzing this data, the 
estimated pulse injected fluid volume was found to be approximately 2.4 mL followed by 0.2 mL 
of longer term leakoff, giving a 2 second averaged short term flow rate of approximately 72 
mL/min. Thus, the pulse treatment applied significantly faster pressurization than previous flow-
  
 139  
rate controlled tests and to fracture to pressures greatly exceeding the pseudo-static constant flow 
rate injection limit. 
As one additional perspective on the pulse treatment, the identifiable AE event locations and 
magnitudes were plotted as shown in Figure 4.57. From this plot, a single large magnitude event 
plotted near the center of the sample represented the initial arrival event of the high pressure 
pulse. After this time, the AE system became saturated with high amplitude noise from burst-
type activity such that only a small number of additional events could be successfully located. 
This result provided a final confirmation that the sample had been successfully subjected to a 
rapid and dynamic high pressure pulse. 
 
Figure 4.57: EGS pulse treatment AE source locations. 
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Thermal Flow Testing 
Following the experimental pressure pulse treatment of the stimulated EGS reservoir, the 
stimulated fracture network was found to be vastly improved with a substantial increase in fluid 
recovery rate. To characterize the post-pulse simulated EGS reservoir, three additional SCP and 
four CCF tests were performed with continuous production borehole pumping used to estimate 
the production borehole flow rate. The hydraulic, thermal drawdown, and strain response data for 
the first post-pulse SCP test are provided in Figure 4.58, Figure 4.59, and Figure 4.60 
respectively. Comparing these plots it is clear that the thermal drawdown inside of the reservoir 
was a function of pressure-dependent flow rate and residence time within the injection borehole. 
Thus, at higher flow the fluid arrived at the injection interval at a cooler temperature.  
 
Figure 4.58:  Hydraulic pressure and flow rate data plot for post-pulse EGS SCP test. 
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Figure 4.59: System temperature data plot for post-pulse EGS SCP test. 
 
Figure 4.60: Sample strain response during post-pulse EGS SCP test. 
As for the strain response, the data obtained was found to be highly chaotic with evidence of 
permanent displacement occurring with continued to fluid injection. There is also a dramatic 
strain response observed simultaneous with the start of the 6000 kPa CP step as the minimum 
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confining stress is initially exceeded. The compressive nature of this abrupt response may 
indicate fracture opening as would be expected with the positive excess pressure condition. At 
the current time, the complete reasoning for this particular response is not well understood and 
modeling may be required to allow for a more in depth interpretation. Regrettably, applying such 
an analysis was beyond the current scope of this project and thus has not yet been performed. 
Compiling the results from subsequent tests allowed for the long term flow repeatability to be 
assessed as well as the uncovering of a potential transition region where a dramatic increase in 
hydraulic conductivity was observed at high injection rates. As shown in Figure 4.61, there 
appears to be a critical transition region between the injection flow rates of 3 and 5 mL/min 
where the near-steady-state pressure-flow response displays a significant increase in the 
hydraulic conductivity of the fractured sample. Currently, it seems most likely that this observed 
phenomenon may be due to a transition from laminar dominated flow to turbulent flow with a 
corresponding reduction in kinetic friction losses. While many analysis techniques assume a 
laminar flow condition (Valkó and Economides, 1995), it is not surprising that turbulence may 
develop within the fracture flow as turbulence had been observed to occur even within an ideal 
fracturing experiment as performed in acrylic glass sample subjected to oil and water emulsion 
fracture flow testing (Gutierrez et al., 2012). 
Also from these compiled results, it was apparent that the post-pulse treatment fracture geometry 
was less stable with the long term than the pre-pulse pressure-flow response. With the new 
reservoir, the conductivity clearly decreases with total time and flow as was not found to be the 
case in pre-pulse flow testing. This decrease is evident through the decreasing flow rates 
corresponding with consecutive SCP tests. It is suspected that this decrease in stability may be 
due to a more complete separation and potential shear offset between adjacent fractures faces 
where grain crushing and slow residual displacement effects may be taking place, especially 
when injecting with positive excess pressures. The assumption of a more complete separation 
also agrees with the direct confining pressure to flow rate response observed in the post-pulse 
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reservoir, as shown in Figure 4.58, which was not as prominent in the pre-pulse reservoir. 
Typically, this particular response was clearly seen when injection pressures exceeded the 
applied closure stress and the flat jack pressure was manually increased to correct for known, 
slow, and continuous hydraulic system leakage, as mentioned to occur in earlier discussion. 
 
Figure 4.61: Compiled post-pulse pressure-flow response data for the EGS reservoir. 
Performing a thermal-flow analysis with curve fitting analysis, as shown in Figure 4.62, the 
bottom hole temperature response in the injection borehole was found to be a distinct function of 
flow rate. With the application of a second order regression curve fitting analysis, these results 
may indicate the beginning of a high-flow transition region where the magnitude of the 
temperature decline begins to approach an asymptotic maximum value. Such a behavior should 
be expected for this system as a drawdown temperature was limited to an absolute maximum of 
25 ºC, being the difference between the average sample temperature and the ambient temperature 
of the injection fluid reservoir. It is also possible that this transition region indicates a transition 
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from in-borehole dominated heating effects to fracture dominated heating, a potentially 
important distinction for the design and analysis of large scale EGS networks. 
 
Figure 4.62: Compiled post-pulse thermal-flow data for the EGS reservoir. 
Competing the analysis package, an evaluation of the near steady state fluid recovery ratio was 
performed as a function of flow rate and pressure with the corresponding plots provided in 
Figure 4.63 and Figure 4.64 respectively. From this analysis it was evident that the fluid recovery 
rate decreased with increasing injection flow rate and the correlation with injection pressure was 
much less than the correlation with flow rate. Such behavior may be caused by increased leakoff 














% 100  (4.3) 
where, R is the recovery ratio as a percentage, pQ  is the averaged produced volumetric flow rate, 
iQ  is the averaged injected volumetric flow rate, and 0Q  is a linear correction for the measured 
fluid production rate. In general, the vacuum system used to measure the production rate would 
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pump water vapor out of the collection reservoir at a nearly constant rate of 41.0 μL/min as 
estimated with no fluid being injected into the reservoir and no fluid being actively produced. 
 
Figure 4.63: Compiled EGS reservoir CCF injected fluid recovery rate and injection rate. 
 
Figure 4.64: Compiled EGS reservoir CCF injected fluid recovery rate and pressure. 
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As may be noticed, this analysis does not currently consider the production borehole temperature 
due to complexities occurring with evaporative cooling inside the production borehole distorting 
the obtained temperature readings. In some cases, a rhythmic temperature cycle was observed 
within the production borehole as collected water periodically reached the critical volume to 
allow for vacuum extraction. If possible, an energy analysis of the produced fluid may be able to 
compensate for evaporative effects and allow for a reasonable correction for the produced fluid 
effective temperature to be obtained. Such an analysis has not yet been attempted because its 
complexity is outside the scope of this project and has a significant risk of being incalculable. A 
plot of this phenomenon has been provided in Figure 4.65 for reference. 
 
Figure 4.65: Plot showing evaporative cooling of production borehole during injection. 
Comparison of All Test Stages 
As a final evaluation of the entire series of EGS reservoir flow testing, combined plots have been 
developed to illustrate the progression of improvements to the simulated EGS reservoir. In this 
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particular figure, the stability of the pressure flow response before and after the pulse treatment 
was clearly different, with the pre-treatment stability being much greater. Also the changes 
between oil and water flow as well as the vast improvement in hydraulic conductivity achieved 
through the pulse treatment may be directly observed. Data from pre-fracture flow was not 
included due to the unreliability of these measurements as the flow rates were too close to the 
minimum measureable limit. 
 
Figure 4.66: Compiled flow test data for simulated EGS reservoir. 
Post-Test Cross Section Analysis 
At the current time, the post-test cross section analysis has not yet been performed. This 
particular data is anticipated to be procured by the conclusion of December 2012. 
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4.3 Comparison and Discussion of Test Results 
Compiling the information from the unconfined granite and simulated granite EGS reservoir 
allowed for a qualitative evaluation of fracture network flow versus single planar fracture 
dominated flow to be made. As shown on the plot in Figure 4.67, the stimulated unconfined 
granite sample had significantly higher conductivity values than the confined and heated sample 
of the same granite material. This difference in general conductivity was expected as the 
unconfined sample was found to have a complex multi-plane radial fracture network, as 
identified through cross-section analysis, while the confined sample was expected to have a 
much simpler single plane fracture network, as identified with AE fracture surface generation 
analysis. Also, the increase in confining stresses was expected to result in decreased fracture 
network conductivity.  
For the less expected, this comparison revealed that planar fracture flow and fracture network 
flow appear to have a similar dependence on pressure such that comparable curve shapes were 
produced. Therefore, these results validate the use of the same general pressure-dependent flow 
relationship regardless of the complexity of the generated fracture network, as may be applicable 
and relevant to modeling applications. For this series of testing, the pressure-dependent flow rate 
was typically found to be best represented by a power function for what was expected to be the 
laminar dominated flow region. A sampling of regression analyses, as illustrated in Figure 4.68, 
suggests that the power of the pressure-flow relationship could be expected to be somewhere 
between 1.5 and 2 which does not agree well with a simplistic parallel plate flow model that 
assumes a power of 1. Thus, performing a diagnostic test similar to the SCP during field work 
may allow for the development of an improved pressure-dependent flow relationship for 
hydraulic fracture modeling applications. 
These observations have also been found to be consistent with field injection data as performed 
using either a similar step-rate control testing scheme or long term injection data (Advantek, 
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2012). In the literature, the step-rate injection test has been described as a method of evaluating 
fracture reopening pressure through the application of piece-wise linear regression analysis of the 
data on pressure versus flow rate plots. However, a review of this method in comparison to the 
results obtained here raise questions about the validity of the assumptions being made during the 
evaluation of field data. In particular this laboratory data provides an evaluation of open-fracture 
flow without propagation and yet the literature interprets data structures having direct similarities 
with those observed in the lab as fracture extension phenomena. A further investigation and 
comparison of the data obtained in the laboratory to field data is likely to reveal some significant 
new understanding of fracture flow behavior but an in-depth study has not been performed at this 
time as it would be outside of the scope of this project. 
 
Figure 4.67: All granite pressure flow testing data. 
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Figure 4.68: All granite pressure flow testing data with regression curves. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
With the completion of this series of hydraulic fracture and laboratory simulated EGS reservoir 
flow testing, a vast quantity of data was collected regarding the flow behavior of stimulated 
reservoirs and a new dynamic stimulation method was successfully validated. Ultimately, all 
three of the proposed research project objectives were met and in addition several potentially 
significant discoveries were made through the analysis performed on the experimental results. 
The following section summarizes some of the most important accomplishments achieved 
through this project and presents recommendations for improving the performance of field scale 
EGS technology applications. 
5.1 Novel System Capabilities Achieved 
For the first research objective, the task was to design, fabricate, validate, and use a new heated 
true-triaxial device capable of simulating EGS reservoirs at the laboratory scale. At the simplest 
level, this task required the development of a new true-triaxial cell with the ability to provide 
independently controlled principal confining stresses, apply heating to temperatures above 100 
ºC, and allow for the hydraulic pressurization of a borehole interval such that scalable hydraulic 
fracturing treatments could be performed. Each of these base level criteria were definitively met 
with the characteristics of 13 MPa maximum principal confining stresses, heating up to 180 ºC, a 
30x30x30 cm sample size, a drilled 10 mm outside diameter steel cased interval, a drilled 5.6 
mm diameter uncased fracturing interval, and 70 MPa maximum borehole injection pressure, 
Going above and beyond the base level requirements for EGS reservoir simulation, this 
equipment was also designed to incorporate: 
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• Percussive borehole drilling at user selected orientations and into fully confined and 
heated samples. 
• A fully outfitted DAQ system with the ability to monitor system pressures, internal 
temperature distributions at up to 20 simultaneous points, internal strain distributions at 
up to 20 simultaneous points, and even a sample surface mounted 6-sensor passive 
acoustic emission array. 
• Programmatically operated and monitored fluid injection with the ability to alternate 
pumping between two different fluids with constant flow or constant pressure control 
and single run, stepped, or continuous long term operation. 
These additional features were included to allow for binary EGS reservoir simulation, 
replication of drilling induced borehole damage, and the application of new and novel hydraulic 
fracturing and flow testing techniques. Also, as compared to currently reviewed existing true-
triaxial and laboratory hydraulic fracturing experimentation equipment, the following elements 
are new and unique: 
• True-triaxial cell heating with large samples 
• Borehole drilling into loaded samples 
• Use of ultra-high strength concrete as a hydraulic fracturing media 
• Programmatic injection pumping 
• Stepped constant pressure fracture flow testing 
• Stepped constant rate fracture flow testing 
• Direct sample surface mounting of AE sensors inside of a true-triaxial cell 
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• Intercept borehole drilling into laboratory stimulated samples using AE source location 
guidance for orientation selection 
• Reliable high-pressure borehole sealing along the entirety of a cased interval 
Therefore, with these unique capabilities this equipment allows for the successful simulation of 
EGS reservoirs at the laboratory scale, the testing of stimulation and production flow 
experimental techniques, and the collection of thorough data sets to allow for improved insight 
into the hydraulic fracturing process.  
However, amidst all these capabilities it was discovered that the addition of pore fluid saturation 
and pressurization capabilities would allow for an even more accurate simulation of EGS 
reservoirs as well as potentially significant improvements to binary injector-producer recovery 
rates. As detailed in Chapter 4, the production to injection fluid recovery rates were found to be 
much lower than ideal at typical values in the range of 0 to 0.2% with traditional hydraulic 
stimulation methods or 6 to 18% after the application of experimental high-pressure pulse 
stimulation. It is expected that these recovery rates could be increased to an ideal 100% with the 
inclusion of ambient pore fluid pressurization and the application of a balanced net-neutral 
pressure injection-production pumping scheme. Under this condition, production borehole 
pumping would be used as the dominant means of fluid mobilization while the injection 
borehole would provide a more passive reservoir fluid recharge effect. At a properly balanced 
state, pumping induced leakoff would equal passive pore-pressure inflow and far field fluid 
mobilization would be effectively zero, thus resulting in an averaged 100% recovery rate. It is 
also possible that such a condition could reduce the potential risk of injection induced seismicity, 
a current public concern with hydraulic fracturing and EGS technology. 
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5.2 Conclusions from EGS Reservoir Simulation 
During the experimental hydraulic fracturing studies and the simulation of EGS reservoirs at the 
laboratory scale, several new insights about the hydraulic fracturing process were obtained, 
significant knowledge and data about hydraulic fracture thermal-fluid flow behavior was gained, 
and an experimental high-pressure pulse stimulation technique was proven to be highly 
successful at enhancing fracture conductivity.  
Using traditional hydraulic fracturing techniques, it was found that the current breakdown 
pressure theory is invalid at low isotropic confining stresses in permeable materials. Currently, 
the common hydraulic fracturing theory (ASTM, 2008, Valkó and Economides, 1995, and 
others) uses an elastic failure criterion derived from the Kirsch solution for stress concentrations 
around a hole in a plate. For the unconfined granite fracturing test presented in Chapter 4, the 
predicted breakdown pressure using this accepted theory was estimated to be 6.1 MPa while the 
actual pressure was measured to be 33.1 MPa giving an actual to prediction differential error of 
542%. As mentioned, this same phenomenon was observed in other unconfined tests with much 
lower strength concrete but was not nearly as evident when testing impermeable unconfined 
acrylic. When increasing the confining stresses and adding isotropy the predicted pressures were 
found to be much more accurate with only 174% error for the case of the heated and true-
triaxially confined granite. In effect, these results suggest that fluid permeation into the porous 
sample material dominates over the tendency to generate hydraulic fractures when no particular 
preferred fracturing direction exists. 
Additionally, with the traditional hydraulic fracturing method, it was found that hydraulic 
fracture reorientation may occur during continuous long term pumping as well as isolated 
pumping stages. Currently, the study of hydraulic fracture reorientation has been performed 
using remote methodologies, such as tiltmeter surveys, to compare data collected before and 
after complete hydraulic fracturing treatments (Wolhart et al., 2007). However, with the post-test 
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cross-section analysis technique and the use of extended hydraulic fracture flow testing as 
performed on the unconfined granite sample, it was found that reorientation may occur numerous 
times within a single given treatment. It was expected these reorientation events were occurring 
during this test because of the fractures intersecting high leakoff zones and dramatic pressure 
losses occurring with viscous flow through the tight fractures. In this case, it is reasonable to 
assume that when a fracture reached a sufficient length so as to intersect the edge of the sample, 
the local fracturing process would quickly stop as fluid could rapidly exit to the external of the 
sample. This process would likely result in closure of the stimulated fracture to some extent and 
cause a new pressure rise within the injection borehole. With the second pressure rise, the stress 
state and pore pressure state in the sample would have been altered by the first fracture resulting 
in an increased probability of a new fracturing plane becoming the least resistance propagation 
direction. Also, with established flowing paths inside fractures a greater kinetic pressure gradient 
would likely exist than with the pseudo-static pressure condition during fracture pressurization. 
This condition could also potentially cause new fractures to grow at different orientations.  
As a visual representation of this understanding of fracture reorientation phenomenon, the 
process is estimated to be somewhat akin to the wavy tube man advertising prop used for social 
events, as shown in Figure 5.1. With this model, it is easy to visualize how flow induced 
frictional pressure losses may allow for different critical breakdown pressures to be reached at 
different locations in a fracture network, just as the tube man would alternate flow through 
different arms. 
From the flow testing analyses, several important revelations about fluid flow through fractures 
were discovered. The most important of these were found to be: 
• Some of the known phenomena which cause a reduction in fracture conductivity with 
time are reversible. According to the data collected, these reversible effects are triggered 
by either flow stoppage or reversal. 
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• Flow with pressure control is more stable than pressure with rate control indicating that 
the flow through a fracture network is best described as a function of pressure and not the 
reverse. 
• Fracture network flow and single plane flow rate appear to be describable by the same 
general function of injection pressure. For this study, a power relationship was found to 
provide an acceptable correlation although it was anticipated that a more accurate theory 
based relationship does exist. 
• Continuous flow with viscous fluid has a higher probability of generating additional 
fractures than lower viscosity fluids. In some cases, viscous flow did not ever reach a 
steady state condition even with more than 14 hours of testing in an unconfined sample. 
• Fracture fluid pressure may be dynamically stored such that significant backflow into the 
wellbore may occur after shut in. This phenomenon was indicated by pressure rebound 
after fracturing when flow reversal methods were used. 
 
Figure 5.1: Wavy tube man analogy for multiple fracture propagation 
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With the application of experimental methods to enhance hydraulic fracture conductivity, it was 
found that high-pressure low-volume pulse injection was very successful. This method was 
applied twice with astonishingly good results each time. In both trials, the applied pulse pressure 
was significantly greater than the initial hydraulic fracture breakdown pressure and was 
dynamically introduced to the system allowing for a shock wave to be developed. Preliminary 
analysis has suggested that the pulse allowed for consolidation of the fracture plane, reduction of 
near wellbore tortuosity, and an overall significant improvement to the fracture conductivity. 
5.3 Suggested for Improvements to EGS Methodologies 
The experiences gained through performing hydraulic fracturing and reservoir flow testing in the 
laboratory have revealed several methods by which field hydraulic fracturing treatments and 
EGS reservoir operations may be improved. These suggested improvements are as follows: 
• Select saturated reservoirs having a positive in-situ pore pressure for EGS targets such 
that net-neutral injection-production borehole schemes may be utilized. With such a 
scheme parasitic losses should be lessened as the injected fluid recovery factor would be 
increased to 100% or higher. 
• Select pressure-dependent flow modeling methods rather than the opposite when 
modeling hydraulic fracture flow. Such a selection should allow for more accurate 
modeling results to be obtained. 
• Consider using a low-volume dynamic high-pressure pulse treatment when the hydraulic 
communication between injection and production boreholes is less than desired or when 
the near wellbore tortuosity is found to be high. 
• Instead of planning borehole systems connected by countable stimulated hydraulic 
fractures, consider using a series of high-pressure pulse stimulations to force the 
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generation of a fractured network. A truly stimulated reservoir volume should allow for 
better long term productivity than distinct singular fracture planes. 
• Inducing periodic flow reversals or continuous flow oscillations may allow for improved 
long term recovery and maintenance of higher fracture conductivity 
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APPENDIX A  
CONCRETE MATERIALS 
Recognizing the utility of and lessons learned from hydraulic fracture experimentation with 
concrete materials, this appendix section has been provided to give the details for this portion of 
the project. Details have been provided for the different concretes used as well as the process 
used to develop the custom ultra-high strength mix design. In addition, details are provided 
regarding the concrete formwork used to cast precision cubical samples as well as the samples 
used for material property characterization. 
A.1 Commercial Cement Grout 
Locally available FastSet AllSet cement grout, produced by Quickcrete, was selected for use in 
preliminary testing applications. With a running thick plastic mix, this concrete had a medium 
unconfined compression strength averaging around 50 MPa and a very homogenous structure 
with medium grained sand as the largest aggregate. The ease of using this material was the 
greatest benefit as it allowed for accelerated testing of critical design areas including borehole 
drilling and sealing. Additionally, this material was used in several components of the fabrication 
and usage of the true-triaxial cell. While the material properties varied from batch to batch, Table 
A.1 provides the measured values for the single batch that was used for all of the hydraulic 
fracturing tests performed during this project. Within a given batch, the material properties are 
expected to be spatially consistent due to the high homogeneity of this material. It is important to 
note that this material was purchased from The Home Depot in Lakewood, Colorado, during 
2010 as the material properties of cement are known to vary significantly with different sources 
even when produced to the same specifications. 
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Table A.1: Summary of commercial cement grout material properties 
Property Average Value Standard Deviation 
UCS (MPa) 53.3 3.8 
Density (g/cm3) 1.95 0.01 
Elastic Modulus (GPa) 9.9 0.5 
BTS (MPa) 2.5 0.3 
NBFT (MPa·m0.5) 0.17 0.02 
Porosity 0.311 0.005 
Specific Heat (kJ/m3·K) 2013 20 
A.2 Ultra-High Strength High Performance Concrete 
A custom ultra-high strength concrete was developed for this project in an attempt to obtain a 
material closely resembling the macro-properties of the granite while also having improved 
homogeneity. The mix design for this concrete was developed through batch testing with an 
initial mix designed using the historical data presented in Section A.3 as a reference. In all, eight 
batch tests and two full scale practice pours were completed before arriving at the final mix and 
forming designs for use in homogenous EGS reservoir simulation. This final mix design was 
selected because it provided the optimal strength, porosity, and homogeneity as compared to all 
of the other batches.  
For the initial mix design, a silica fume concrete was selected as the literature (Nawy, 2000) 
showed that this ingredient was critical for attaining a final concrete mix with an unconfined 
compressive strength comparable to Colorado Rose Red Granite. As the cement, Portland Type 
III was selected for is fine grind, as compared to any other common type of cement, such that a 
more homogenous final product should result. For the aggregate, inert fine mesh silica sand was 
used to achieve a high material homogeneity on both the micro and macro scales. If a neat 
concrete was used, where no aggregate would be added, the microstructure of the final product 
would be very homogenous but significant cracking would be expected due to shrinkage and 
other effects occurring during the curing process. Type C Fly Ash was obtained as a potential 
strengthening agent but this ingredient was not expected to provide a very significant benefit so 
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it was only included in one batch. To significantly strengthen the mix, several high range water 
reducers (HRWR) were tested as it is well known that lower water content results in higher 
strength for most wet plastic concrete mixes. HRWR were preferred over other options due to 
their increased effectiveness in attaining the very-low water content needed for ultra-high 
strength concrete. A specialized air removal admixture was added to several batches in an 
attempt to minimize the presence of foam bubbles generated by the polycarboxylate based 
HRWR during curing (Dier, 2011) and trapped air introduced from mixing and placement into 
the forms. Finally, an anti-segregation admixture was included to minimize settling of the sand 
after placement into the forms. The complete list of concrete materials along with their 
respective roles and sources is provided in Table A.2. This sourcing information is important for 
any attempts to replicate this mix as the characteristics of the final concrete as well as the 
response and compatibility of the given admixtures have been found to vary depending upon 
where the cementicious ingredients were produced (Dier, 2011). Figure A.1 provides some 
images of each solid ingredient used for visual reference. 
Table A.2: Concrete materials and sources. 
Ingredient Purpose Source 
100 Mesh Colorado Silica 
Sand 
Inert Aggregate Carmeuse Industrial Sands, Colorado 
Springs, Colorado, USA 
Portland Type III Cement Cement Cemex Inc., Huston, Texas, USA 
Microsilica EMS 965  Pozzolan Elkem Materials Inc., Pittsburg, PA 
Fly Ash Class C Pozzolan Unknown Manufacturer, Supplied by 
Rio Grande Company, Denver, 
Colorado, USA 
Plastol Ultra 109 High Range 
Water Reducer 
The Euclid Chemical Company, 
Cleveland, Ohio, USA 
Eucon 37 High Range 
Water Reducer 
The Euclid Chemical Company, 
Cleveland, Ohio, USA 
Eucon 6200 EXT High Range 
Water Reducer 
The Euclid Chemical Company, 
Cleveland, Ohio, USA 
Eucon Air Out Air Removal The Euclid Chemical Company, 
Cleveland, Ohio, USA 
Eucon ABS Anti-Bleed, 
Anti-Segregation 
The Euclid Chemical Company, 
Cleveland, Ohio, USA 
Tap Water Hydration Golden, CO 
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Figure A.1: Ultra-high strength dry ingredients including 100 Mesh silica sand, Type III Portland 
cement, silica fume, and fly ash. 
To develop the initial mix proportions, the historical data was collected (Bonneau et al., 1996 
and Nawy, 2000) and plotted to produce reference curves for selecting a mix design with 
strength characteristics similar to Colorado Rose Red Granite. These curves, provided in 
Appendix A, were developed using Microsoft Excel 2003 poly-regression tools to allow for an 
initial batch design to be obtained as shown in Table A.3. This method was used in favor over 
the standard approach, as detailed in ACI 211.1-91 (ACI, 1991), because the standard method 
does not apply to high strength concrete mixes where unconfined compression strength values 
exceed 40 MPa. These initial proportions were selected with the intent of satisfying the goal 
unconfined compression strength of 150 MPa. 
Table A.3: Initial concrete batch mix design target values. 
Parameter Value 
Aggregate to Mix Ratio 0.45 kg/kg 
Water to Cementicious Ratio 0.25 kg/kg 
Silica Fume to Cementicious Ratio 0.18 kg/kg 
Fly Ash to Cementicious Ratio 0.00 kg/kg 
HRWR to Cementicious Ratio 455 mL/100 kg 
Anti-Seggregation Admixture to Mix Ratio 1.40 L/m3 
Air Out to Mix Ratio 0.00 mL/m3  
HRWR Type Plastol Ultra 109 
 
To refine and improve the mix design, eight small batch tests and two large batch tests were 
performed along with a progression of modifications to the preparation procedure. The 
ingredient details for each batch used, including the production batches, are provided in 
Appendix A. For the procedure changes, heterogeneous mixing was observed during the early 
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batching stages so a sifting step was added where all of the ingredients were passed though a 40 
Mesh sieve before being combined. This change produced a significant improvement in the 
homogeneity of the final concrete as seen in Figure A.2 where the number of heterogeneous 
clumps is dramatically reduced. Also, sifting was able to remove some wood particles that were 
found within the silica fume as a contaminating material. Another procedure change was to 
substitute mechanical mixing for hand mixing methods. Initially, the batches were mixed by 
hand with a shovel in a plastic basin where it was difficult to get a good homogenous mix. Later, 
a Northern Tool CM350A mixer was purchased to allow for improved mixing and a more 
consistent final product. All of the small batch tests were mixed by hand in an 18.9 L bucket 
while the larger batches were mixed with the heavier equipment. 
 
Figure A.2: Concrete batching with and without sifting. 
Ultimately, the final mix design was decided upon based on the observed mechanical and 
hydraulic properties. A summary of the test data is provided in Appendix A and a full description 
of the materials testing procedures used is provided later in this section. The final mix design 
proportions are provided in Table A.4 and the respective measured properties are provided in 
Table A.5. 
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Table A.4: Final mix design target values. 
Parameter Value 
Aggregate to Mix Ratio 0.40 kg/kg 
Water to Cementicious Ratio 0.28 kg/kg 
Silica Fume to Cementicious Ratio 0.20 kg/kg 
Fly Ash to Cementicious Ratio 0.00 kg/kg 
HRWR to Cementicious Ratio 3500 mL/100 kg 
Anti-Seggregation Admixture to Mix Ratio 15.0 mL/m3 
Air Out to Mix Ratio 500 mL/m3  
HRWR Type Plastol Ultra 109 
 
Table A.5: Typical material property values for final mix design (T05). 
Property Average Value Standard Deviation 
UCS (MPa) 148.3 8.6 
Density (g/cm3) 1.937 0.007 
Elastic Modulus (GPa) 18.9 0.07 
BTS (MPa) 4.6 0.4 
Porosity 0.23 0.02 
Specific Heat (kJ/m3·K) 1783.4 0.8 
 
A.3 Mix Design Curves and Batching Data 
During the initial design of the ultra-high strength concrete used for this project, several 
reference curves were formulated through digitizing data obtained in the literature (Bonneau et 
al., 1996, and Nawy, 2000) and fitting polynomial regression solutions to the data. While this 
method is not expected to be very accurate, it does provide a good starting point for batch testing 
and mix design refinement. Figures A.3 though A.9 provide these reference curves while also 
illustrating where no significant relationships were found within the available data. Figure A.4 
uses an extrapolated and unit converted equation taken from the ACI 318-08 code as the fitting 
curve for design purposes. This equation was developed for strength conservative structural 
concrete applications where expected unconfined compressive strengths do not typically exceed 
80 MPa so it is not expected to be very accurate at higher strengths. 
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Figure A.3: Cured density vs UCS for initial mix design. 
 
Figure A.4: Tensile strength vs UCS for initial mix design. 
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Figure A.5: Aggregate ratio vs UCS for initial mix design. 
 
Figure A.6: Water to cementicious ratio vs UCS for initial mix design. 
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Figure A.7: Silica fume to cementicious ratio vs UCS for initial design. 
 
Figure A.8: High range water reducer to cementicious ratio vs water to cementicious ratio for 
initial mix design. 
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Figure A.9: Fly ash to cementicious ratio vs UCS for initial mix design. 
A.4 Concrete Formwork 
To cast the concrete samples, specialized formwork was fabricated including a set of 
polyvinylchloride (PVC) cylinder forms for general material testing samples, steel beam forms 
for fracture toughness test samples, and an adjustable steel form for the large cubical blocks to be 
used inside of the true-triaxial cell. The PVC cylinder forms were cut to a nominal length of 130 
mm with an inside diameter of 40 mm and outside diameter of 47 mm from pipe stock. For 
reusability, the cylinders were fabricated with a lengthwise cut allowing for the mold to be split 
open and re-assembled without damage. Also, the cylinder forms were capped on one end with a 
0.09 mm thick plastic sheet membrane and a standard PVC end cap. A plastic cable tie was use 
to keep the upper portion of the mold sealed from leakage. Figure A.10 provides an image of the 
PVC cylinder form. 
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Figure A.10: 40 mm diameter by 90 mm long concrete sample PVC form. 
To cast beam shaped samples, reusable steel forms were fabricated in-house with minimum 
inside dimensions of 50x60x260 mm and a nominal wall thickness of 3.2 mm. As shown in 
Figure A.11, bolts were used to hold the two piece form together such that the two parts could 
easily be separated for de-molding. 
 
Figure A.11: Reusable concrete beam sample forms. 
For the large cubical samples used inside of the true-triaxial cell, an adjustable concrete form 
was developed such that precision castings could be completed. Figure A.12 shows this concrete 
form in use with an ultra-high strength sample curing inside of it. This form allows for sample 
sizes ranging from 200 mm to 380 mm to be cast depending upon which dimensions were found 
to be optimal for installation into the true-triaxial cell. To aid in sample removal, the form was 
spray lubricated with B’laster Silicone Lube prior to placement of the plastic concrete. The 
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design of this form, as shown in Figure A.12, was developed with the aid of Solidworks 
Simulation (SWS) finite element modeling. In this analysis, an estimated a maximum surface 
deflection of 6 µm was found to occur for the hydrostatic case with a totally fluid 2700 kg/m3 
plastic concrete mix. Even when considering that this deflection could increase due joint 
deflections and connection tolerances, this result was found to be sufficient for achieving the 
precision tolerances required for the cast concrete block. Figure A.13 provides some deflection 
result plots obtained from SWS. 
 
Figure A.12: Adjustable steel form for casting precision cubical samples. 
 
Figure A.13: SWS deflection plots for loaded adjustable concrete form. 
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APPENDIX B  
TRUE-TRIAXIAL CELL DRAWING DOCUMENTS 
The detailed drawing documents used for the fabrication of the true-triaxial cell are provided on 
the following pages in Figures B.1 through B.10. Please note that these drawings are not to scale 
as they are reproduced at a different size compared to the original documents. The leg and 
footing design detailed on drawing page 7 of 10 was filled with 5000 psi unconfined 
compressive strength concrete to provide additional stability after modeling revealed weaknesses 
under applied loads. These legs were not connected to the main cell by anything other than 
gravity due to these known weaknesses. 
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Figure B.1: True-triaxial cell drawing document page 1. 
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Figure B.2: True-triaxial cell drawing document page 2. 
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Figure B.3: True-triaxial cell drawing document page 3. 
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Figure B.4: True-triaxial cell drawing document page 4. 
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Figure B.5: True-triaxial cell drawing document page 5. 
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Figure B.6: True-triaxial cell drawing document page 6. 
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Figure B.7: True-triaxial cell drawing document page 7. 
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Figure B.8: True-triaxial cell drawing document page 8. 
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Figure B.9: True-triaxial cell drawing document page 9. 
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Figure B.10: True-triaxial cell drawing document page 10.
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APPENDIX C  
DERIVATION OF PERMEABILITY ESTIMATION METHOD 
The three-dimensional heat and Darcy flow equations are well known and provided below for 
reference. For a steady state condition, as can be assumed for the one hour constant head 
permeability test, these equations both have the same mathematical formulation. Thus, when 
solving this equation with readily available Solidworks Flow Simulation (SFS) software using a 
simple heat conduction analysis approach, the obtained results may be directly related to a 
solution as would be obtained with more advanced hydraulic flow theory such as flow net 
analysis. To quantify this relationship, a dimensional analysis of the variable inputs with all other 
factors held constant allows for a linearization of the results and the determination of a shape 








Tκ  (C.1)  
where, this is the well known three-dimensional heat diffusion equation with κ  being the 







where, this is the well known three-dimensional Darcy flow equation with Dk  being the average 
permeability, µ  being the fluid kinematic viscosity, and P  being the spatial pressure function. 
Approximating the solutions of these equations into a linearized form, the following 
relationships may be obtained: 
 TNkQ TT ∆−=  (C.3) 
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where, this is the linear steady state heat conduction equation with N being three-dimensional 
solution derived geometric constant, Tk  being the thermal conductivity and TQ  being the total 
heat transfer rate, and: 






=  (C.4) 
where, this is the common linear Darcy permeability equation with zf eg ˆρ  being the vectored 
fluid bulk weight term and PQ  being the total fluid flow rate. Simplifying these relationships for 
the case when gravity effects are negligible relative to the pumping pressure gradient and 



















=  (C.6) 
This solution may then be used to estimate the permeability of a given sample using constant 
pressure injection data to obtain the flow rate, injection gage pressure, and a finite element 
derived shape function for the particular test geometry. Table C.1 provides an example of the 
finite element solution for the system geometry with a: 
• 30x30x30 cm sample size 
• 10 mm outside diameter and 100 mm deep no-flow boundary condition representing the 
cased borehole interval 
• 5.6 mm outside diameter and 100 mm deep constant temperature and pressure boundary 
condition representing the uncased injection borehole interval. 
  
 190  
• Constant temperature and pressure outer surface boundary condition. 
For simplicity, the thermal conductivity was assumed to be unitary at 1 Wm-1K-1, the injection 
borehole temperature was taken as 1 K, the outer boundary temperature was taken as 0 K, 
material property dependence with temperature was excluded, and the resulting unit for the 
geometric constant was made to be meters. Thus, for these conditions, the geometric constant 
was found to be approximately 0.204. 
Table C.1: SFS finite element results used to calculate the general geometric constant. 
Parameter Borehole External Change 
Average Temperature (K) 1 0 -1 
Surface Heat Flux (W/m2) -113.8 0.3798 NR 
Heat Transfer Rate (W) -0.2037 0.2037 0 
Surface Area (m2) 0.001790 0.5364 NR 
NR: Not Relevant. 
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APPENDIX D  
UNCONFINED GRANITE CROSS-SECTION IMAGES 
This appendix provides the sequence of cross-section images used for dimensional 
photogrammetric analysis of the stimulated unconfined granite sample. Figures D.1 through D.4 
are provided to show the sequencing of the slices and provide an overview of the general sample 
geometry. The following Figures D.5 through D.13 show the consecutive cross-section images 
when viewing vertically downward through the progression. Finally, Figure D.14 shows the 
bottom of the sample and has been mirrored to match the perspective of the cross-section 
sequence. 
 
Figure D.1: Front view of cut unconfined granite sample. 
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Figure D.2: Right side view. 
 
Figure D.3: Back side view. 
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Figure D.4: Left side view. 
 
Figure D.5: Top view. 
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Figure D.6: Cross-section number 2. 
 
Figure D.7: Cross-section number 3. 
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Figure D.8. Cross-section number 4. 
 
Figure D.9: Cross-section number 5. 
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Figure D.10: Cross-section number 6. 
 
Figure D.11: Cross-section number 7. 
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Figure D.12: Cross-section number 8. 
 
Figure D.13: Cross-section number 9. 
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APPENDIX E  
EGS SAMPLE STRAIN RESPONSE DURING LOADING 
The heating and true-triaxial pressurization process was performed on two separate occasions for 
the granite sample used for EGS reservoir simulation. While the pressure data presented in 
Chapter 4 tells a significant amount about the success of the hydraulic processes used, an 
analysis of the accompanying strain data provides an even more complete perspective on the 
events that occurred and how the sample material responded. Plots showing the observed strain 
response during the first heating and pressurization process are provided in Figures E.1 through 
E.9 where the process used to analyze the data should be self-evident. The estimated principal 
stresses were obtained through ideal proportionality as these values were not directly measured. 
The predicted principal strain values were obtained through tensor analysis and the respective 
shear strain predictions were approximated using a Mohr’s circle approach for stress rotations. 








































































=  (E.2) 
where, ε  represents an estimated principal strain, σ  represents an estimated principal stress, h, 
H, and v represent the minimum horizontal, maximum horizontal, and vertical axes respectively, 
E  is the elastic modulus, ν  is Poisson’s ratio, and 45γ  is the predicted shear strain at a 45º angle 
to the respective in plane maximum and minimum principal axis strains. In this case, the elastic 
  
 200  




Figure E.1: First pressurization procedure temperature and confining stress plot. 
 
Figure E.2: Compressed raw strain point data with problematic gages included. 
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Figure E.3: Cleaned strain data during first sample pressurization procedure.  
 
Figure E.4: First pressurization procedure vertical strain response. 
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Figure E.5: First pressurization procedure maximum horizontal strain response. 
 
Figure E.6: First pressurization procedure minimum horizontal strain response. 
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Figure E.7: First pressurization procedure 45º h-H strain response. 
 
Figure E.8: First pressurization procedure 45º v-h strain response. 
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Figure E.9: First pressurization procedure 45º v-H strain response. 
As seen in these plots, the strain gage measurements showed that a higher than uniform stress 
region existed in the top corner of the sample while a stress shadow existed around the lower 
corner strain gage rosette. The reason for this is not certain, but most likely the sample was being 
slightly cross loaded due to imperfections with the angular tolerance between the sample faces, 
top lid, and passive horizontal platens. At the same time, the strain measurements taken from the 
center of the sample faces agree well with the predicted uniform strain values so the stress state 
at the fracturing interval was expected to be very close to the desired value. Thus, the results 
obtained during this series of testing are expected to be accurate enough to meet the field scaling 
and computer modeling application goals. 
For the second heating and pressurization process, the corresponding strain plots have been 
provided in Figures E.10 though E.17. During this process, many of the strain responses 
appeared to agree better with the predicted uniform sample strain but the top high stress corner 
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and the bottom stress shadow corner effects remained. During this process, only the minimum 
principal confining stress was continuously monitored, adding some uncertainty. 
 
Figure E.10: Second pressurization procedure temperature and confining stress plot. 
 
Figure E.11: Cleaned strain data during second sample pressurization procedure. 
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Figure E.12: Second pressurization procedure vertical strain response. 
 
Figure E.13: Second pressurization procedure maximum horizontal strain response. 
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Figure E.14: Second pressurization procedure minimum horizontal strain response. 
 
Figure E.15: Second pressurization procedure 45º h-H strain response. 
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Figure E.16: Second pressurization procedure 45º h-v strain response. 
 
Figure E.17: Second pressurization procedure 45º v-H strain response. 
